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Abstract 

In recent years there has been an enormous growth in the diversity and market 
penetration of small electronics appliances. Nowadays, people commonly carry such 
devices as mobile phones, Personal Digital Assistants (PDAs), and electronic sports 
accessories as an essential part of daily life. These devices are typically carried in 
pockets or bags and handheld when in use. User Interface (UI) devices are located on 
strategic parts of the body such as the wrist to facilitate free and easy access to them. An 
ease-of-use solution for carrying the increasing number of such personal devices is to 
embed or integrate them into clothing and accessories. Such solutions are known as 
wearable electronics systems and they are becoming essential aids for people in a wide 
range of applications areas such as communication, maintenance and repair, and location 
and navigation. 
 
This trend has caused a growing need to create smaller and lighter devices which can be 
unobtrusively integrated and embedded in clothing. To achieve this, suitable applications 
for mobile environments as well as specific clothing-like technologies for their design 
and implementation need to be developed.   
 
This study investigated specific applications utilising clothing as electronics platforms to 
ascertain whether usable clothing platform applications can be designed and 
implemented. This was done by implementing five wearable electronics application 
prototypes as clothing platforms: a fully functional smart clothing prototype for survival 
in arctic environments, two electrical heating prototypes to maintain users’ thermal 
comfort conditions, a personal positioning vest for fishing, and a bioimpedance 
measurement suit for Total Body Water (TBW) estimation. For the implementation, 
application-specific solutions were utilized. Functionality, user acceptance, and usability 
of prototypes were verified. Usability evaluations were also made for a specific location 
and information service application. This was done to elicit the importance of usability 
evaluations in the wearable electronics field and also to evaluate user acceptance of the 
new technological devices and applications.  
 
Specific materials required for the construction of comfortable clothing platform 
applications are Electrically Conductive Fiber (ECF) yarns, which are used in power and 
data transfer as well as in sensing elements. In addition, a concept of button component 
encasing for electronics components has been developed. Here, the components are 
hidden and connected to the clothes in a tailored way. Flexible Printed Wiring Board 
(PWB) is also utilized as a platform for a wearable antenna to achieve wearer comfort in 
wireless data transmission applications. 
 
The implemented prototypes proved functional and it was demonstrated that such 
systems could be constructed utilizing clothing platforms. To ensure user acceptance, the 
usability of the systems and end user needs were considered key elements in the design 
process. 
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1 Introduction 

In the early 1990s Mark Weiser described the future of computing as disappearing from 
the consciousness of people [218]. This means that computer systems will be 
unobtrusive and so easy to use that people can forget them and work with them without 
actively thinking of them. This so-called ubiquitous computing approach also implies 
the invisibility of hardware devices and continuous connectivity to information 
networks. Size reduction of electronics systems enables their integration into everyday 
objects and, at the same time, the distribution of computing capabilities to the 
surrounding environments [218, 219].  
 
To realize this computing approach in practice, further development is needed such as in 
the miniaturization of electronics as well as in new types of specialized User Interfaces 
(UIs) for ubiquitous applications. Hardware technologies having the strongest influence 
are the numerous emergent wireless communication technologies, improving processing 
and storage capacity of embedded platforms, new electronics packaging technologies, as 
well as high-quality display technologies [207].  
 
Today, the latest technological development has already made it possible to construct 
small and light electronic appliances, which can be carried on the person almost anytime 
and anywhere. Typical examples of these are mobile phones and Personal Digital 
Assistants (PDAs), which enable continuous connections to information sources as well 
as time and location dependent calendar and memo services. In other words, such 
devices make offices as mobile as their users. Heart rate monitors for fitness 
applications and Global Positioning System (GPS) devices represent another group of 
electronics appliances mostly utilized for leisure activities. People are becoming 
accustomed to carrying different assisting electronics appliances such as mobile phones 
and MP3 players, regardless of time, location, and social situation. All this indicates that 
the market is well-prepared to accept new technological equipment [207]. A natural 
ease-of-use solution to permanently carrying these devices on the person (or their 
functionality, to be exact) is to embed them in clothes or clothing accessories [42, 120]. 
These kinds of devices are known generally as wearable electronics appliances.  
 
Since the user is in close contact with wearable electronics, it is obvious that users’ 
acceptance is of fundamental importance. Some of the attributes affecting this are 
usefulness, easy and safe usage of the systems, social acceptance, and wearability. A 
crucial issue is how the electronics are sited and attached to soft clothing material. This 
integration of electronics has a direct bearing on the usage comfort of clothing. 
 
To speed up the emergence of wearable electronics, new application concepts are 
needed as well as piloting practical prototypes and user tests. First, it is necessary to 
pilot wearable electronics prototypes and applications that represent realistic 
possibilities as personalized mobile platforms and which also fulfill the wearability 
requirements. These can be implemented by applying available technologies in new 
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application-specific ways to target applications. Second, there is a need to develop new 
unobtrusive technologies that are suitable for use in mobile environments.  

1.1 Scope and Objectives of the Thesis 

This thesis presents new wearable electronics applications and hardware technologies 
needed in the application design and implementation. Specifically, this thesis deals with 
applications integrated into clothing. In this context the term wearable electronics refers 
to electronics systems that are worn during use. Smart clothing refers to clothing 
applications that contain electronics and non-electronic features enhancing and 
augmenting the functionality of ordinary clothing [P1, P2]. In this latter case, the 
emphasis is on clothing as an implementation platform for electronics placements. 
 
The main research question of this thesis is whether the clothing can be used as a 
platform for electronics. This address to the following problems: what kinds of 
technologies and materials are suitable for the clothing and how usable and comfortable 
wearable applications can be constructed? These problems are studied in this thesis with 
the help of research prototypes. Figure 1 presents the structure and the contents of the 
publications of this thesis. The contents are divided into two main parts: full-scale 
wearable electronics application prototypes, and the evaluation and development of 
enabling technologies for smart clothing. The publications of this thesis present five 
wearable electronics prototypes and evaluate their functionality and usefulness. Key 
enabling technologies for smart clothing construction are the communication between 
different parts of smart clothing and the implementation of physical electronics 
connections inside the clothing. 
 
The starting point for this research was a full-scale smart clothing prototype for the 
arctic environment called Cyberia (1998-2000) [P1, P2]. The aim of this prototype 
design and implementation was to study the possibilities for utilizing information 
technology, electronics, and advanced fiber and textile materials to produce better 
functioning clothes. Hence the research also considered the overall concept of smart 
clothing and its elements, i.e., electronic and non-electronic functions as well as 
functional textile materials. Cyberia represents a special-purpose application targeting 
accident prevention and automated help calling in accidents.  
 
At that time the prototype embodied a different approach to wearable electronics 
implementation compared to other applications in the field. These latter applications 
were usually full-scale wearable computers equipped with visible parts such as head-
worn displays [13, 143, 190, 197] or single functioning accessories or textile-based 
solutions such as sensors embedded inside shoes or textile keyboards [144, 147]. The 
aim in the Cyberia project was to design and implement a full-scale application 
prototype having the appearance of ordinary clothing. However, during the Cyberia 
project several challenges were encountered in wearable electronics construction. These 
involved the need to develop suitable clothing-like materials, robust enough for clothing 
platforms, the need for miniaturization of electronics, and the development of washable 
electronics and placements. Other important issues to be addressed were the usability of 
the system and also cost. In the later prototypes the aim was to discover solutions to 
overcome these challenges, the focus being on clothing-like materials, washability, and 
usability.  



Introduction 

3 

 
The Technologies Enabling Smart Clothing (TESC) project which succeeded the 
Cyberia project set out to study in greater detail a number of technologies and their 
suitability as clothing platforms (2000-2003). The goal in the first year was to examine 
the basic functionality of smart clothing. Research was conducted into additional 
heating possibilities in clothes and their accessories. The objective here was to design 
and implement an electrical heating prototype, which would provide an additional 
heating option for its user [P3, P4]. This research prototype made it possible to 
investigate electrical heating implementation in clothing and also how users would react 
to this smart clothing application.  
 
In the second year the TESC project focused on personal positioning, which is an 
essential part in ubiquitous and wearable applications, being dependent on the situation 
and the physical surroundings. The goal here was not actually to develop a new 
positioning method, but rather to evaluate the usefulness of a smart clothing positioning 
prototype and to design an ease-of-use application. As a result, the main topics of 
research were component distribution in clothing, users’ acceptance of the application, 
and electronics integration. Fishing was selected as the target application and a fishing 
vest was chosen for the smart clothing platform [P5].  
 
In the third year of the TESC project the focus was on physiological measurement 
implementation in a clothing platform. The target application selected was a 
bioimpedance measurement system. The aim was to examine the applicability of the 
system to water balance estimation while also taking into account user comfort [P6]. 
Since clothing is in close contact with the skin, it is assumed to provide an ideal 
platform for personal and continuous physiological measurements. Commercial gel-
paste electrodes were found to be unsuitable for mobile measurements and thus special 
emphasis was placed on the reliability of comfortable textile-based sensing elements.  
 
Usability and user comfort play key roles in applications where users are mobile and the 
usage environment is continually changing. The aim of the CityGuide application for 
mobile phones or PDAs was to study user acceptance and the usability of the wearable 
electronics information system [P7].  
 
Designing smart clothing is a challenging process since it involves the integration of 
hard electronics with soft elements. Attention needs to be paid to the particular 
properties of the clothing and also how these can be retained in smart clothing 
applications. The soft and dynamic nature of clothing requires flexibility from the 
additional components that are integrated into it. Therefore, technologies that can 
improve the smart clothing performance from the user point of view are also studied in 
addition to functionality. These technologies include the suitable data transfer methods 
for the clothing environment and the usage of connection mechanisms suitable for the 
clothing structure [P8 - P11].  
 
Electrically Conductive Fibers (ECFs) are considered to be good solutions in clothing 
because they are light and more flexible than conventional materials such as plastic 
insulated cables or metal electrodes. It is an important first step to determine whether it 
is possible to utilize ECFs in data and power transfer and in sensing element 
implementation [P1, P2, P4, P6, P8, P9]. The new technologies to be implemented in a 
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new platform typically pose a number of challenges. One of these was found to be the 
reliability of ECF materials in connections. Consequently, it was necessary to ascertain 
whether these ECF materials could be utilized to form reliable contacts with hard 
electronics [P8, P9]. In addition, the connections between different pieces of clothing or 
between the electronics and clothing appear to need clothing-like solutions. One such 
novel solution might be the use buttons as covers for the electronics which could be 
sewn onto the clothing by using ECF [P10]. The aim was to examine the functionality 
of this concept. 
 
In addition to ECFs, flexible Printed Wiring Boards (PWBs) are thought to be better 
solutions for clothing than conventional rigid PWBs. As a result the suitability of 
flexible PWBs for wireless data transfer antennas and clothing applications are 
investigated [P11]. In this study there are actually two different research approaches. 
The first examines the suitability of flexible material for antennas and the second 
considers the suitability of flexible antennas for use in clothing application in close 
proximity to the human body.  

1.2 Outline of the Thesis 

This thesis contains eleven publications and an introduction. The publications embody 
the main results of the thesis which comprise prototype implementation and evaluation 
as well as an examination of data transfer techniques and connection mechanisms. 
 
The introduction presents various publication findings and describes the application 
field. Chapter 2 starts with definitions of concepts utilized in the wearable electronics 
field, with the emphasis on smart clothing and its relation to other concepts utilized. 
Next, there is a survey of wearable electronics applications which introduces some 
potential uses of wearable systems. Chapter 3 deals mainly with the smart clothing 
design process and also discusses the general requirements of smart clothing design. 
Additionally, factors related to user acceptance of the systems are explained. The smart 
clothing concept model introduces a method for placement of the electronic components 

Enabling
Technologies
Enabling

Technologies
Full-Scale

Application Prototypes
Full-Scale

Application Prototypes

Electronic Intelligence Development for Wearable ApplicationsElectronic Intelligence Development for Wearable Applications

Data 
Transfer
Data 

Transfer
Connection
Techniques
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PPM vestPPM vest BioimpedanceBioimpedance

Cyberia SuiteCyberia Suite Heating Shirt &
Jacket

Heating Shirt &
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Figure 1. Structure of this Thesis. 
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in the design between different clothing layers. The electronics architecture for smart 
clothing applications is also introduced. Chapter 4 presents the major results of the 
research. First, the designed and evaluated smart clothing prototypes are described and 
the findings of these evaluations are discussed. Second, technological outcomes are 
explained, particularly those relating to data transfer utilizing ECF, connections utilizing 
ECF, and ECF usage in electrode materials. Chapter 5 contains a brief summary of the 
publications included in this thesis and provides an explanation of the Author’s 
contribution. Finally, Chapter 6 presents the main research conclusions of the study. 
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2 Wearable Electronics 

Wearable electronics is still a fairly new field of research and as a result much of the 
terminology has still to gain widespread acceptance. The history of wearable electronics 
goes back to 1960s when Edward Thorp and Claude Shannon designed, implemented, 
and tested the first known wearable computer intended for roulette number prediction 
[200]. The system, the size of a cigarette pack, consisted of a twelve-transistor Central 
Processing Unit (CPU), two microswitches as an input device for the toes, a 
loudspeaker as an output device, and a radio link. This application represents a special 
purpose system capable of doing only advanced specified tasks and also demonstrates 
the important feature of smart clothing applications, i.e., the usage of special UI devices. 
Its use, however, was forbidden in casinos at the time. One of the first public uses and, 
therefore, a starting point in the development of wearable electronics was Sutherland’s 
implementation of the Head-Mounted Display (HMD), which was utilized in virtual 
reality applications [84].  
 
In terms of general awareness, wearable computers have emerged as general-purpose 
computer systems that are as mobile as their users, moving with them anytime and 
anywhere. At Massachusetts Institute of Technology (MIT), in particular, a group of 
university students and staff started to wear their computers continuously in the 1990s 
[120, 183, 185]. The first worldwide conference on wearable computers was held in 
1997 [77]. Since then the manifestation of wearable electronics has covered systems 
from full-scale wearable computers to small-scale, special-purpose applications to be 
worn only during usage. In the future, personalized mobile platforms can provide high-
performance computing for a variety of user applications, and an interface for 
controlling the surrounding environment. Apart from smart phones, very few people 
carry a full-scale computer with them all the time [115, 183].  

2.1 Wearable Electronics Field 

The range of electronics systems that are worn or carried during usage is diverse. The 
main concepts related to wearable electronics are illustrated in Figure 2, which sets out 
the relationships between the concepts and the way they are employed in the present 
thesis.  
 
Wearable electronics is regarded as a general term for the systems or appliances that 
contain electronics and that are carried or worn during usage. Wearable technology, on 
the other hand, does not define the type of technology utilized, i.e., electronics are not 
necessarily needed. Therefore, applications are divided into wearable electronics 
applications and clothing platform applications. The latter include textile and fiber 
technology, although these systems usually also contain computing capabilities, sensors, 
and UIs typically represented by small portable electronics, gadgets [204]. In addition, 
wearable technology systems are useful only while worn.   
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Wearable computers are defined as computer systems that are carried at least during 
operation and utilized with only one hand or hands free [11]. Typically, an ordinary 
desktop computer has been shrunk to a smaller package and UI devices have been 
changed into devices that are suitable for mobile use. The usage of these systems can be 
categorized into two groups. The first comprises smaller scale wearable computers 
intended for special applications such as maintenance assistants or heart rate monitoring 
equipment. The second group is larger scale systems intended for general personal help 
in everyday situations. These fully functional personal computers are worn in belts, 
bags, or clothes and equipped with typical computer accessories, i.e., pointing and 
feeding devices and displays for feedback. Mizell describes these two approaches by 
means of a tool model and a clothing model [135]. The former refers to special purpose 
wearable applications intended to be worn only during the specified operation whereas 
the latter refers to the wearing of the computer throughout the day like an article of 
clothing. Wearable computers are regarded as a special case in wearable electronics 
systems.  
 
According to the narrower definition of wearable computers, these general-purpose 
systems are seamless parts of a user’s personal space being constant in operations and 
interactions, unmonopolizing and unrestrictive for the user, and providing the means to 
sense, react, and communicate with the environment while also protecting its user’s 
privacy and independence [117, 118, 121]. This latter definition defines the usage of the 
system as akin to the usage of clothing. These wearable computers are, therefore, also 
known as underwearables, which emphasizes their integration into users’ personal 
spaces in clothing [116]. Wearable computers are also known as Body-Wearable 
Computers (BWCs) indicating that they are carried close to the user’s body [37]. Weiser 
suggested that in the ubiquitous era computing will also be embedded in clothing [219]. 
Therefore, wearable electronics in this thesis is concerned as a part of ubiquitous 
computing, being a way to access distributed services. In the literature these computing 
approaches can also be distinguished from each other. In their purest forms, ubiquitous 
computing is distributed to the surroundings and sensing and processing of wearable 
computing is performed by the user without help from the surroundings [166].  
 
To highlight wearability and the clothing usage of wearable computing systems we 
adopted the term smart clothing to refer to special-purpose wearable computers or 
electronics integrated in clothing. Smart clothing is composed of ordinary clothing with 
added intelligent structures. These structures can be formed with electronics, non-
electronic equipment, intelligent textile materials, or their combinations [P1, P2, S1]. 
The purpose of smart clothing is to improve or augment the functionality of ordinary 
clothing in various ways such as providing better protection for their users or providing 
new ways to utilize their clothing [P1, P2, S1]. In order to complete our definition of 
smart clothing we also require the systems to include facilities to sense their user or the 
environment and the capability to react to these measurements [153, 154, 165, 203]. 
Such reactions can be autonomous actions as with the control of electrical heating by 
human temperature measurements [P3, P4, S2] or provision of information to users [P1, 
P2, S1]. Smart or intelligent clothes are as intelligent as their designers.   
 
Mann’s definition of smart clothing is based on mobile multimedia, wireless 
communication, and wearable computing; such attributes, however, are not necessarily 
required in the definition of smart clothing adopted in this thesis [114, 119]. Instead we 
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emphasize the specificity of applications as opposed to general-purpose wearable 
computers [P2]. Underwearables are, in fact, smart clothes according to our definition. 
However, the term might imply that the clothing platform is actually underwear in the 
popular sense, and this is why it is not used here as a synonym for smart clothing. 
 
Smart and intelligent may be somewhat misleading terms for defining these 
applications. However, these prefixes are adopted in the present study because they are 
widely used by the wearable computer research community and by the general public. 
Another term utilized for smart clothing is computational clothing, which highlights the 
integration of computing capabilities into clothing such as storage, processing, retrieval, 
and transmission of information utilizing clothing-based systems [9]. Interactive 
Electronic Textiles (IETs) or electronic textiles (e-textiles) are conventional concepts for 
clothing platform usage for electronics systems [40, 122, 131]. 
 
Intelligent or smart textile materials themselves include sensing elements, actuators, or 
context-sensitive and adaptive electronics structures [203]. Smart materials can be 
divided into three categories, namely passive smart textiles, active smart textiles, and 
very smart textiles [195]. Passive smart textiles can only sense their surroundings, 
whereas active smart textiles also include actuation, i.e., they can respond autonomously 
to the measured surroundings or stimuli. Very smart textiles, too, can adapt their 
behavior according to different situations. Functional and technical textile materials are 
often regarded as being smart materials. However, they do not fulfill the definition of 
smart materials. Functional and technical textile materials are textiles that are, for 
example, breathable or fire-resistant, i.e., they meet high technical and quality 
requirements and give functionality to the fabric [68].  
 
As a consequence of the integration of wearable electronics or computing into clothing 
platforms, potentially with intelligent textile materials and non-electronic equipment, 
the outcome is smart clothes. Non-electronic equipment may, for example, be a fire kit, 

Wearable TechnologyWearable Technology

Smart ClothingSmart Clothing

Wearable 
Computing
Wearable 
Computing Intelligent TextilesIntelligent Textiles

Clothing PlatformClothing PlatformWearable ElectronicsWearable Electronics

Non-Electronic
Equipment

Non-Electronic
Equipment

Integration

 
Figure 2. Concepts in the field of wearable electronics. 
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which is covered and protected from getting wet. The crucial point is that such 
equipment is necessary in the application in question. The clothing platform includes 
clothes and their accessories manufactured from conventional and functional textile 
materials. 

2.2 Wearable electronics applications 

Wearable electronics applications can help people to survive in their every day life or 
workplaces by providing assistance or the tools for coping with a range of tasks. 
Numerous commercial products are available as technologies and dedicated devices. 
However, there are only a few examples of integrated smart clothing applications. By 
contrast, there is a multitude of wearable electronics applications including much 
mobile computing equipment, portable music players, heart rate monitors, wrist-worn 
computers, and pedometers, all of which can be utilized while on the move. These 
applications are typically used for hobbies and entertainment purposes. 
 
The first reported commercial smart clothing applications were jackets that contained a 
MP3 player and a mobile phone [56]. Later came clothes for snowboarding [161, 211]. 
The snowboard jacket contains an integrated fabric UI and Mini Disc (MD) player or a 
MP3 player. A wearable electrical heating jacket designed for mountaineers and a 
rescue vest containing an integrated communication system have also been introduced 
[212, 213].  
 
Examples of accessory-based applications are running shoes with intelligent cushioning 
and running shoes connected to a music player to support and guide the running 
performance with the aid of music [215, 216]. In addition, a jacket containing pockets 
for a variety of electronics equipment has been launched [71]. This jacket also provides 
the option of utilizing a solar cell panel for battery charging and a patented Personal 
Area Network (PAN) solution for device connections. Symbol Technologies has 
developed a commercial data collection system for applications in industry such as 
warehouse inventory and transportation control. This is designed to be worn on the wrist 
and equipped with a finger-worn bar code reader for ease of data collection [188]. 

2.2.1 Assisting Applications for Disabled 
Several wearable applications for individuals suffering from physical, cognitive, or 
sensory impairment have been reported, from handheld applications (e.g. eye glasses) to 
prosthesis [167]. Typical examples are guidance applications for the visually impaired 
such as VibraVest, which provides tactile user feedback about nearby objects [116]. 
Another example is a haptic navigation guidance vest, which contains four by four 
arrays of tactile micromotors in the back of the vest to provide haptic directional 
information [41]. Tactile feedback can also be utilized to assist the deaf [20].  
 
In addition to a tactile feedback interface, tone and speech interfaces have also been 
evaluated for orientation aid interfaces for the visually impaired [167]. Additional 
context information, together with the traditional cane, a guide dog, and environmental 
sounds have been shown to complement visually impaired navigation by enabling the 
proximity detection of people, animals, and objects [163]. The user is warned by haptic 
feedback and, therefore, avoid unwanted contacts or speaking to persons out of the 
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hearing range. The Drishti application guides the visually impaired or disabled to 
desired locations using speech UI and GPS [64]. The system notifies context and user 
preferences while recommending the route to be taken. These applications are entirely 
wearable and need no fixed infrastructure in the environment.  
 
Radio Frequency Identification (RFID) technique is also utilized for visually impaired 
navigation and way finding [225]. RFID tags are utilized to form tag grids. Location 
coordinates and surrounding information is preprogrammed onto tags which can then be 
read by the user with the aid of a reader.  
 
The above applications are all designed to help the disabled directly. However there are 
occasions in which assistance is needed to enable others to communicate with the 
disabled. An example of this is a wearable American Sign Language recognizer, which 
converts its wearer’s sign language into spoken words utilizing a cap-mounted camera 
to track hand gestures [187]. Another approach is to utilize gloves, in addition to a 
camera, to provide information in cases when the hands obscure each other from camera 
view [31].  

2.2.2 Assisting Applications for Guiding, Navigation, and Information Access 
Examples of wearable applications are the range of guiding, navigation, and information 
applications, which can help people in unfamiliar surroundings reach their desired 
destinations or provide information about shops, tourist attractions etc. For 
implementation of these applications, various positioning techniques are needed. For 
outdoor positioning, GPS is typically utilized.  
 
The Touring Machine is a bulky backpack-wearable computer system combining 
mobile computing and augmented reality (AR) in a guiding application at a university 
campus area [44]. Similar AR systems are also utilized for larger geographical areas 
[197]. There is also a wearable guide designed for use on a campus area and capable of 
representing location-based multimedia information [76].  
 
Metronaut, also for use on a university campus, is another wearable computer prototype 
for scheduling and guiding tasks. The system includes a reader for scanning barcodes, 
which mark important locations in the area. While moving around the campus, a user 
can scan the barcode and the system guides the user to the next meeting place [178].  
 
Other context-dependent information may also be added to these applications. One such 
example is a city touring guide that only gives information relevant to the user’s 
geographical location, ignoring information too far from that location (i.e. out of the 
virtual information visibility range) [101]. A smart sight tourist information system goes 
even further, providing help in overcoming language barriers in foreign places as well 
as navigation assistance and aid in storing and organizing memories [227].  
 
All the application examples of integrating GPS-based guidance systems in wearable 
computers utilize backpacks and also usually bulky HMDs to enable visibility of real 
world- and computer generated-assistance in the same visual field. Because of the 
inconvenience of these large and bulky GPS applications, we have also studied 
integrating GPS in clothing in inconspicuous ways [P5]. This application was designed 
for fishing and thus, required small and lightweight electronics. 
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2.2.3 Assisting Collaborative and Context-Aware Applications 
Wearable electronics have been proposed as help in remote communication and 
establishing a collaborative community to enable conversation while performing other 
tasks [17]. These collaboration tasks are particularly well-suited for maintenance, repair, 
inspection, and construction tasks, in which expert advice can be needed. An example of 
such an application is the maintenance and repair of trains needed by railroad 
technicians. In this application, expertise at a distant location can provide help in fault 
diagnosis and repair, utilizing digital data, audio, and images [173].  
 
A step forward is the collaborative wearable systems that can also sense the 
environment remotely [13]. This makes communication between the parties more 
natural because context-related information can be sensed in both places with no 
unintentional filtering. Wearable applications can also assist people with no network 
connections and help, for example, in the acquisition of new skills for carrying out 
complex tasks [142]. These, however, are not collaborative applications. 
 
Context-aware or situation-aware computing utilizes context information, i.e., the 
location, environment characteristics, and the user’s condition or activity in order to 
provide relevant information or services to the user [34, 174]. One of the most important 
features in mobile and wearable electronics is to provide continuous access to 
information sources and thereby provide help in a variety of daily routines [11]. 
However, for wearable computing applications, in particular, relevant information 
sources or information representation and ease of access is dependent on a number of 
factors. These include the identities of the individuals involved, the location and activity 
of the user, and the time as well as informative and easy to use UIs [35, 191]. Typically, 
this context sensing is based on defining the user’s location [1, 81]. A simple example 
of a context sensing smart clothing application is a necktie accessory, which can sense 
the aural information near the user and recognize speaking, noise, and silence as well as 
the status of the user’s movements [171]. 
 
A well-known application to improve overall quality of life is Steve Mann’s WearComp 
system [118]. His system was inspired by still-life imaging and contains a camera-
equipped wearable computer to allow users to observe their surroundings. This can also 
enhance their security, for example, by alerting the user of potential danger [114, 118].  
 
Remembrance agent is an example of an application that augments the user’s memory 
[165]. The system relies on context information and suggests relevant documents 
appropriate to the current situation. It, therefore, acts as an extension of the users’ 
memory. 

2.2.4 Assisting Applications in the Workplace 
Wearable electronics can also provide important benefits for people in a wide range of 
jobs. These include assistance in mobile office environments as well as in dangerous 
environments such as the military, the rescue services, or in space. However, most 
applications reported relate to manufacturing, maintenance, and inspection tasks such as 
aircraft maintenance, repair, and inspection [143, 172]. A wearable computer can 
provide additional information in diagnosis, troubleshooting, and repair as well as aid to 
memory for inspection lists, in which certain steps must be taken to ensure safety. In 
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addition, significant savings in time can be achieved when information is available 
through wearable systems [180]. Wearable computers are also utilized to assure quality 
in food processing plants and to help in the documentation used by bridge inspectors by 
means of speech input assistance and the addition of automated notices to collected data 
[136, 190]. A wearable computer utilized with HMDs can provide vital information 
without interrupting the progress of the job by also enabling access to the relevant 
expertise [45, 199].  
 
Wearable computers have also been proposed for weapons maintenance as well as for 
training tasks for military personnel [12, 21]. Wearable applications in the field are 
challenging to design because of the unpredictable nature of the military context. 
Additional equipment should not encumber the user and hands free operation is clearly 
desirable. Fortunately, military clothing and other equipment offer considerable space 
for incorporating components. An HMD, a speech input, a navigation system, and a 
weapon system offer significant advantages such as hands free operation, information 
retrieval in the field, location information, and help in the preparation of field reports 
[27, 230].  
 
A clothing-like approach has been taken in the development of Sensate Liner, which 
detects bullet wounds in the torso using optical fibers [102]. The system is constructed 
in a shirt. In addition to penetration occurrence, classification and localization, it can 
measure heart and respiration rates and also movement. This system demonstrates 
techniques which are also generally needed in wearable medical monitoring.  
 
Firefighters can also experience similar life-threatening environments involving threats 
from radiation, high temperatures, and air shortages in air bottles. For stricter 
supervision in such working conditions and better communication between individual 
firefighters and the leader of the team, smart clothing systems should be able to 
withstand high temperatures [59, 94]. Wearable computers are also recommended for 
helping rescuers in disaster zones to provide assistance in such areas as data collection 
tasks and locating rescue team members [92]. 
 
Though manned space travel has a history of several decades, a microgravity 
environment leads to changes in physiological conditions with long-term missions being 
particularly risky [7]. Important health issues in space concern radiation, loss of bone 
mineral density, behavioral changes caused by isolation, and changes in cardiovascular 
and pulmonary systems. In order to counter these risks to health, spacecraft and space 
stations are equipped with appropriate data measurement and collection devices. Space 
travel provides an ideal opportunity to utilize wearable systems to ensure long-term 
health monitoring before, during, and after journeys. An example of this is a sensor 
jacket, which can record ElectroCardioGram (ECG), pulse, and tremor and also as well 
as produce muscular and cardiovascular loads with a hand dynamometer [50]. Help in 
dangerous extra-vehicular or difficult tasks is also provided by wearable computers [23, 
38, 155].  

2.2.5 Assisting Wellness Technology Applications 
Physiological measurements in different forms are considered to be the key applications 
of wearable systems. Clothing is in close contact with the skin, providing the chance to 
perform measurements which require skin contact. Clothes also offer privacy in 
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personal health monitoring. Perhaps the most popularly known wearable electronics 
health monitoring systems are the heart rate monitors that are widely utilized in sports 
[69]. These systems are usually based on a plastic-based sensor belt worn around the 
chest and a UI on the wrist. More clothing-like properties for wearable electronics 
systems are achieved by utilizing ECF-based sensing elements. These are being studied 
in several research institutes and ECF electrodes are typically utilized to measure ECG, 
heart rate, and skin conductivity [P2, P4, 145].  
 
The earliest reported systems for physiological signal monitoring were usually simple 
and single- or two parameter-devices measuring, e.g., ECG, temperature, or 
accelerations of individuals [32, 62, 189]. Later, prototypes for measuring typically skin 
temperature, heart rate, ECG, and accelerations were implemented [58, 107, 208]. 
Nowadays the area of wellness technology has received considerable publicity for a 
number of reasons such as population aging and an increasing number of different life-
style related diseases. Present physiological monitoring systems are typically based on 
wrist-worn devices or clothing-based systems [5, 6, 36, 87, 107, 208]. Various shirt, 
vest, suit, and accessory solutions contain textile electrodes to measure several 
physiological quantities and accelerations of individuals [96, 149, 209]. In addition to 
data collection, wearable systems can be utilized for real-time feedback to enable 
continuous monitoring in every day life, thereby improving non-institutional care [126].  
 
Other wellness technology applications include systems for rehabilitation purposes to 
enable automated data collection and transmission to rehabilitation supervisors such as 
trainers and doctors, as well as feedback to rehabilitants [53]. An experimental system 
to estimate when and what type of food a person is eating has also been reported [2]. 
Prototypes to measure physiological quantities for emotional state evaluations have also 
been designed [5, 6, 63]. Wearable monitoring systems for measuring data on the user 
and the environment to evaluate a user’s state of alertness are important aids in 
promoting worker safety in dangerous conditions. These systems are implemented, e.g., 
for motor sports and industrial applications [82, 83].  

2.2.6 Entertainment and Leisure Time Applications 
Various popular wearable electronics systems have been designed and implemented for 
musical entertainment. In addition to these, systems to help in creating networked music 
have also been designed and implemented [112, 140, 193]. Items of clothing such as 
jackets, pants, or gloves become musical instruments when equipped with the necessary 
electronics and tactile sensors to create music and a network connection for shared 
listening and musical performance. A wearable system for creating every-day music 
based on different sensors in the user’s jacket produces music based on the user’s 
movements and environment [128]. Computer augmented art is also created utilizing 
apparel such as footwear [146, 147]. With this system, a dancer wears special shoes 
equipped with sensors to measure different kinds of steps. According to the steps, the 
system generates music and computer graphics. 
 
Music has also been utilized as a motivator in sport performance, e.g., to guide and 
support exercise with suitable music styles and tempos [224]. Another example of 
wearable electronics usage in sport is a form of training help for professional skiers 
[132]. The system contains sensors to measure the athlete’s movements, foot pressure, 
ski rotation, and speed. Together with video and sensor data, trainers and skiers can 
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identify skiers’ strengths and weaknesses. Reima Smart Shout is an example of 
communication equipment intended specifically for snowboarders [134]. The main 
purpose of the system is to provide an easy-to-use UI to enable ease of communication 
with a snowboarding group. Another group communication application for ski 
instructors has also been investigated [217]. This system informs the user if other group 
members are nearby.  
 
AR-based wearable electronics have been utilized for different games. Typical 
examples are games that have been changed from desktops to mobile environments in 
order to form a combination of computer-generated and real worlds [3, 26, 196]. HMDs 
or PDAs are typically utilized as feedback devices. However, games for carrying fewer 
devices such as smart phones have also been designed [25]. Another type of AR 
applications is a training help for billiards which assists the player in executing strategic 
shots [79]. 
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3 Smart Clothing Design 

Smart clothing aims to provide greater added value to its user than either traditional 
clothing or separate electronics devices. In practice, this means that smart clothing 
systems usage must offer more benefits than drawbacks to achieve user acceptance 
[137]. Therefore, it is evident that the smart clothing design process is based on users 
and their needs. This is also a way of ensuring that smart clothing prototypes are 
designed for real needs rather than invented ones. The overall design of wearable 
electronics systems utilizing a clothing platform or accessories is a demanding process 
since it requires multidisciplinary group work. In addition to electronics and software 
engineers, representatives from human sciences, clothing and textile sciences, material 
science, and industrial design are needed to ensure functional designs [P1, S1].  

3.1 Smart Clothing Design Flow 

A smart clothing design flow is presented in Figure 3. This design flow results from the 
experiences of implementing wearable electronics prototypes for this thesis. The 
starting point for the design is obviously the decision or assignment that something 
needs to be done. On the basis of the assignment, appropriate team members can be 
assembled so that the necessary expertise is represented in the working group. The 
working group can then make the preliminary problem statement and define the target 
user group for the application. Since smart clothing applications are usually intended for 
specific applications, the user group must also be specified. This is necessary during the 
next phases, which focus in more detail on the functionality and requirements of the 
system. 
  
The team members can now start gathering data on user needs and performing a 
literature background survey, if necessary. These two phases can be carried out 
simultaneously along with other information gathering such as target group interviews 
or questionnaires. The findings are collected and shared at a group meeting to allow the 
team to evaluate the assignment in terms of any drawbacks such as risks or problems in 
the application area. It is also necessary to set goals for the project at this stage, to 
ensure that all the team members share a common aim. Experience in these previous 
phases will also provide the members of the team with a shared understanding of the 
background to the project. This helps in the design phase, most of which can be done 
separately. During this goal definition phase the general requirements for the application 
are also set. These may include the limitation of extra weight in the clothing or involve 
matters concerning the operating lifetime of the system with one battery charge. The 
requirements set in this phase guide the execution of the sub-designs. 
 
At the next stage the design of the smart clothing application can be split into sub-
design projects. These typically include areas such as user comfort and usability design; 
information technology design involving electronics, software, and telecommunications; 
textile and clothing design; and industrial design. The various parties make their own 
design decisions and are responsible for the functionality testing. Since the separate 
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projects all form parts of a bigger project, regular meetings are necessary to update all 
members on a range of issues such as the project schedule, problems and challenges 
arising during the design, and the compatibility of subcomponents. In addition, clear 
interfaces need to be established between the parties working in shared projects such as 
between an encasing designer and an electronics designer. 
 
After making parallel designs, the team can also meet to collaborate on some 
functionality testing to double-check that the system is ready for the integration. If this 
functionality testing fails, problematic parts will be redesigned. Preliminary usability or 
user comfort testing can also be done to ensure proper integration to clothing. In 
addition, throughout the design process there is continuous evaluation of the usability of 
UI devices whenever something new is introduced. After these evaluations, the system 
is ready for the integration. Clothing specialists are normally responsible for this final 
integration into clothing. 
 
After integration, the prototype should first be tested under laboratory conditions and 
also in authentic usage environments to ensure basic functionality. If the functionality 
tests show the system to be mostly functional, usability tests can be conducted to 
evaluate UIs and the overall wearing comfort of the system. Failures are often due to 
compatibility problems between different sub-designs. Such problems need to be solved 
before the usability evaluations. After testing, it is possible to determine whether the 
system fulfils the set requirements. If it does not, it will be necessary to make repairs to 
the sub-designs. In this loop the design process can proceed, provided the goals are 
achieved. Finally, the first prototype is implemented. 
 
After After these tests, the results will need to be analyzed, particularly when it is 
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Figure 3. Smart clothing design flow. 
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planned to continue the development. After the first prototype has been designed, 
implemented, and evaluated, the next prototype generation starts by defining a new goal 
and continuing the loop as presented in Figure 3. The process described above aims at 
the development of the research prototypes. However, if the goal is commercial product 
implementation, other elements must also be considered in the process along side other 
sub-design issues. Such elements include manufacturability, consumer culture and 
associated aesthetics, and recycling [129] 

3.2 Smart Clothing Design Requirements 

Smart clothing application designers decide on the functionality of the applications 
according to a number of factors such as assignments and potential end user needs. This 
functionality greatly affects the users’ decisions to adopt the applications. However, 
functionality is not the only measure by which to evaluate the importance of the 
application in question. Parameters affecting the application and its acceptance are 
presented in Figure 4, which is applied from [150]. 
 
First, functionality provides solutions to the problems for which the application is 
intended. This functionality is different in each application, at the same time varying the 
complexity of the system. The rest of the parameters are attributes of the functionality 
and are always present in different forms.  
 
For the most part, performance attributes describe the efficiency of the system’s 
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electronics. However, smart clothing forms an integrated complex and, therefore, it is 
difficult to divide attributes for clothing and electronics into discrete parts. Depending 
on the application, the requirements for system performance varies. However, it is 
usually possible to measure the system according to its latencies in measurements and 
actuation, size of memory, processing speed, latencies of functions, data rates, data link 
capacities, data transfer latencies, power adequacy time, and other performance metrics 
depending on the peripheral devices needed in the functionality implementation [P8, 
150, 176]. In addition, size, shape, and weight affect the way in which the system is 
used and, therefore, the user’s performance with the system. For users, price and 
privacy protection are also important considerations and while production issues, such 
as the manufacturability of the system, are of major importance [150]. 
 
Reliability and endurance apply to both clothing and electronics, especially their 
mechanical robustness in use. For clothing materials, a variety of tests can be made to 
determine such properties as tensile strength, their endurance of tear, burst, and shear as 
well as abrasion resistance in order to estimate durability in usage conditions [210]. On 
the basis of these results, good quality materials can be selected for clothing 
applications. These same properties are also essential in the electronics placed into 
clothing. In clothing, especially, different connections are subjected to severe stress and, 
therefore, tensile strength plays an essential role as well as robustness against bending 
and abrasion. Performance under different conditions is common to both clothing and 
electronics. The abilities of materials to absorb or repel water are important since 
additional moisture may cause corrosion and unreliable functioning of electronics. 
Electronics functionality in different temperatures must be assured and the thermal 
insulating capacity of textiles is essential, especially in cold environments. 
 
Maintainability of the clothing involves care procedures such as cleaning. This covers 
issues such as washability, parts need to be detached during washing, and behavior after 
washing such as textiles shrinking and dimension stability properties [9, 150]. Other 
important issues to be dealt with are electronics and software updating possibilities, 
battery lifetime, recharging, and replacement, as well as maintenance of the entire 
system before the smart clothing applications reach the market.  
 
Wearability relates to the wearing of smart clothing and involves such issues as comfort, 
weight and its distribution, shape, ease of dress and undress. Other importance aspects 
of wearabilty are easy access to the body and user interfaces, as well as interference 
while performing other tasks [52, 150]. Wearability is closely related to the usability of 
the system in the target environment. It includes electronics and clothing operation 
reliability in usage conditions, failure density and error handling, UI suitability for the 
target group and the surrounding conditions, and modularity of the overall system [103]. 
Electrical characteristics such as Electrical Static Discharge (ESD) protection and 
ElectroMagnetic Interference (EMI) resistance affect the reliability of functions in 
desired conditions. The capacity of the clothing to transport moisture away from the 
skin area or protecting the user from rain, are examples of clothing characteristics 
affecting wearing comfort and usability. 
 
The last attribute is the aesthetics, which describes the appearance or attractiveness of 
the clothing [9]. This concept indicates, for example, how well the design can conceal 
unwanted additional parts and what makes the look interesting in expressing the smart 
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clothing concept to users [S1]. Cultural appearance of the clothing affects its suitability 
to the target group and the community. The appearance of the wearable systems also has 
a major impact on the general acceptability of the system [65, 177]. Small gadget-type 
devices can make the transition from tools to clothing accessories easier. 

3.2.1 Characteristics of Mobility  
Mobility is typically regarded as an attribute related to the portability of the electronics 
systems or the user’s ability to move with devices between different locations [54]. The 
way of utilizing wearable devices also means that the interaction between wearable 
systems and users must be considered in this context. Such requirements can, therefore, 
be described by two categories: those for mobile devices in general, and those for 
mobile users and the interactions between users and devices while moving.  
 
Mobility characterizes the systems in terms of power requirements, form factors, and 
usability [137, 207]. The form factor relates to the size, weight, and shape of the system 
and their interrelation, as well as the way in which the system is worn or carried [137, 
220]. For mobile systems, the basic features are small size and low weight since usage 
should not impede the user or cause discomfort. Low-power functioning is also essential 
since power sources are often the bulkiest and heaviest parts of the system [181]. 
Typical power saving procedures involve the use of low-power components, setting 
unnecessary component modules to power saving modes when not needed, and 
performing computing at slower speeds [125]. It is also necessary to reduce the peak 
power of systems to increase battery life since the most typical energy sources utilized 
in wearable systems are secondary batteries [125].  
 
Users’ requirements are determined by the environment and the activities being 
undertaken [54]. Typically, users are concentrating on other tasks and mobile 
applications are utilized only intermittently. This means that users’ visual channels are 
focused on several tasks at a time, hands are occupied with other tasks, and users are 
moving while utilizing the wearable applications. Such multi-tasking sets special 
requirements for UI devices. They need to be simple, intuitive, and easy to use, as well 
as capable of being operated with one hand or hands free [11, 137]. For the same 
reason, UI devices are typically distributed to suitable places on the body area for easy 
access. The hardware of UI devices needs to be simple enough with adequate tolerances 
between different buttons or switches so that minor aiming errors with the fingers do not 
impede usage. Feedback from actions also needs to utilize other sensory channels in 
addition to the visual in order to avoid overloading [220].   

3.2.2 Requirements for Electronics Design 
The usage environment for smart clothing is mobile, which means that users move 
indoors, outdoors, and from one to the other [113]. Regardless of the specific wearable 
electronics application environment, in comparison with office computing 
environments, the mobile environment poses greater challenges for electronics design. 
This is due to a variety of environmental factors, such as changing temperatures and 
humidity and means that the usage environment is more diversified than for desktop or 
laptop computers. Therefore, electronics need to be protected against adverse 
environmental conditions with suitable encasings that withstand a wide range of 
weather conditions such as cold and rain if needed.  
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Electrical power in smart clothes is utilized near the human body. Therefore, special 
attention needs to be paid to safety issues so that faults pose no danger to the user. 
Smart clothing applications are intended to be fully integrated systems, in which 
clothing and electronics are indistinguishable. At the moment, however, not all 
electronics withstand washing and so a good solution is to construct modular systems 
that can be utilized in different platforms and use components that can be easily 
replaced.  
 
Modularity of the wearable electronics system is a key requirement when targeting the 
same concepts for several user groups. This requirement applies to the hardware part, 
which allows users to connect different functional modules to form an assembly and 
also to the software part, which needs to adjust to changing environments and hardware 
configurations [100]. Even in the same user group, those users who have been able to 
adjust the functionality and UI according to their own preferences will adapt to new 
techniques more easily than others [65].   

3.2.3 Requirements for Clothing Design 
The reasons for wearing clothes are defined as protection, modesty and privacy, status, 
identification, self-adornment, and self-expression [9]. Smart clothing applications are 
integrated into clothing. As a result, smart clothes also need to maintain the properties 
of clothing. Thus, clothing-like elements are utilized as often as possible in smart 
clothing application implementations [29, 40, 80]. These include soft and flexible 
wiring, thin and flexible Printed Wiring Boards (PWBs), and clothing-like connector 
elements. At present, smart clothing applications containing electronics need to be taken 
off for washing. Suitable materials are available for electronics protection, but this will 
add to the cost of systems. In addition, these materials do not protect clothing or 
additional components from the mechanical strains they undergo in a washing machine. 
 
Comfort has generally been related to ergonomics in the workplace, for example 
thermal and visual comfort, and is defined as freedom from discomfort and pain [9, 86]. 
Textile materials in clothing affect users’ thermal, tactile, and visual sensations [14]. 
This means that materials affect the user’s perception of comfort. Elements in the 
sensation of comfort involve the emotions, the physical feel of the device, physical 
effects, feelings of being different, the way in which the device affects movement, and 
apprehensions about the device [86]. Emotions refer to users’ concerns about their 
appearance while using the device and are related to emotions of unease, whereas 
feelings of being different reflect feelings of becoming different while using the device. 
The physical feel of the device is related to the way in which the device is attached to 
the body and the physical effects are the harm or damage that the system might cause to 
the body. Device-affecting movements are related to a user’s way of moving while 
wearing the system. Worries concerning the device refer to a user’s feelings about the 
device and its safety and reliability, which affect the user’s emotions, such as anxiety. 
According to these six attributes, the overall comfort of the system can be measured and 
the causes of discomfort identified. However, other research also suggests that people 
can manipulate perceived comfort [19]. The form of smart clothing systems and their 
perceived functionality both have an important bearing on the user’s readiness to accept 
the systems as suitable for the task in question.  
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Thermal comfort is the user’s perception of the thermal environment [43]. In thermal 
comfort conditions the individual is unaware whether a lower or higher temperature is 
preferable to the current temperature. In addition, no part of the body is either too hot or 
too cold. Personal parameters such as clothing and environment characteristics have an 
effect on achieving the thermal comfort condition. For the wearer, the most effective 
way to influence this is to control the amount, quality, and type of the clothes worn.   
 
Mathematically, a human heat balance equation can be utilized to estimate the thermal 
comfort condition. The heat balance equation describes how well the body can maintain 
its internal temperature at around 37 ºC in terms of internal heat generation and heat 
exchange with the environment [151]. Air temperature, radiant temperature, humidity, 
and air movement are the four basic environmental parameters affecting the responses 
of the human body in thermal environments. Together with metabolic heat generation 
and thermal resistance of the clothing, the environmental parameters form six 
fundamental factors that define human thermal environments to which humans respond 
[43, 151]. The heat balance equation according to Fanger [43] is given as 
 
H – Ed – Esw – Ere – L = K = R + C  ,    (1) 
 
where   
H is the internal heat production in the human body, 
Ed is the heat loss by water vapor diffusion through the skin,  
Esw is the heat loss by evaporation of sweat from the skin,  
Ere is the latent respiration heat loss, 
L is the dry respiration heat loss, 
K is the heat transfer from the skin through the clothing, 
R is the heat loss by radiation from the surface of the clothing, and 
C is the heat loss by convection from the surface of the clothing. 
 
The amount of released energy from the body depends on the activity level of the 
person, being the smallest at rest and increasing according to level of effort of the 
activity. This additional heat is then transferred from the body by evaporation, radiation, 
convection, and through the respiration channel. From the heat balance equation it is 
possible to conclude that the internal heat production reduced by heat loss due to 
evaporation and respiration should equal the heat loss through radiation and convection 
in the heat balance situation.  
 
Social aspects of different wearable systems are often ignored, especially in the early 
stages. However, appearance is an important aspect of clothing and also a medium for 
communication [14]. People can utilize clothing for self-expression. The term cyborg to 
refer to a wearable electronics user is often derived from utilization of a wearable 
electronics system that is awkward, bulky, and heavy. Social acceptance is related to the 
ability of the apparatus to stand out and, therefore, it is also culture dependent [120]. 
 
Toney et al. employ the term “social weight” to describe the disturbance resulting from 
wearable electronics utilization in social interactions [201, 202]. Their approach is to 
integrate and embed wearable systems into business suits so that they are unobtrusive. 
UI devices are located in suitable places in the clothing so that the user can observe and 
use them without disrupting social activities, such as business meetings.   
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The appearance and comfort of wearable electronics can be influenced by the 
appropriate placement of components when linked to the dynamics of the human body 
[52]. A summary of design guidelines is presented in Table 1. Here the shapes, sizes, 
and weights of additional components as well as placements on the body are explained 
in terms of the moving human body, the functionality of the system, and individual 
components. When designing wearable systems suitable for as many wearers as 
possible, these guidelines make it easier to take account of different body sizes and 
shapes.  
 
In the human body there are areas that are much the same size for every adult, non-
moving, and having the largest surface areas. These are thus the most obvious locations 
to place additional components on the body. The shapes of additional components 
should follow the body contours, avoiding sharp edges that could damage the clothing 
and adversely affect social acceptance. Certain parts of the body such as the limbs also 
need to remain moveable after the addition of electronic or non-electronic components 
to the clothing. Therefore, it is recommended that additional components are placed on 
the body area. Wearers perceive this close proximity of components as being part of 
their own body. For individual sizing, alterations can be made at point to point distances 
and on rigid and flexible areas to achieve adjustments for different body sizes. Single 
point attachments on the body may cause discomfort and so additional components 
should be wrapped around the body and fitted with the necessary adjustments. 
 
When designing encasings for the additional components, it should be considered if the 
component needs a contact to the surrounding environment or the user, such as for 
temperature measurements. The weight of the system should be minimized and most of 
the additional weight should be as close as possible to the body’s center of gravity to 
limit the perception of the extra weight. In the design process, access during use to 
additional components such as UIs also needs to be considered. Therefore, components 
such as haptic feedback devices are located so that they can be felt on the body. Sensory 
interaction refers to the interaction issues between the wearable system and the user. 

Table 1. Design guidelines for wearability [52]. 

Guideline Explanation
Placement Defines where additional components should go on the body
Form Language Defines shapes for additional components
Human Movement Consider parts in the body that need to be able to move
Proxemics Perception of the size of the body
Sizing Wearable systems should fit to as many users as possible
Attachment Additional components fixing to the body in a comfortable way
Containment Consider what is inside the form
Weight Balancing the weight by distribution of additonal components to body 
Accessibility Physical access to additonal components
Sensory Interaction Interaction between the user and the additonal components
Thermal Issues Maintain thermal comfort of the user by proper component placement
Aesthetic Appearance, perceptual appropriateness
Lon-term Use Effects to the body and mind
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This concerns almost all UIs. To achieve a good thermal comfort condition, components 
need to be located so that they cause no disruption to the natural heat exchange between 
the body and the environment. The field of wearable systems is still quite young and no 
research results are available on the long-term wearable usage effects on the human 
body or mind. This is an area for further research.   
 
In addition, when considering the proper placement of additional components, locations 
on the body where people are accustomed to carrying devices can be exploited [162]. 
One such a place is the wrist where people are used to wearing watches, for example 
[124]. This placement is exploited for varies devices such as heart rate sensors and 
wrist-top computers for athletes. In addition, the apparatus is always accessible and thus 
instantly viewable, allowing physical access as well as interactions between the user and 
the device [52, 162]. However, devices need to be fairly small and light to fit 
comfortably on the wrist [188].    
 
A basic rule for bulky wearable electronics systems is to place the components at 
suitable locations in the clothing so that the weight is distributed and wearing the system 
is comfortable. Integrating components into the user's personal space (i.e. clothes) 
decrease torque of components, allows systems to have the normal appearance of 
clothing, and promote the reliable functioning of certain components for such purposes 
as physiological signal measurement [S1, 52, 118].  

3.2.4 Usability 
The definition of usability varies within the literature. However, it relates to users, 
users’ tasks and tools, and the environment [103]. Usability and the overall acceptance 
of the system are interconnected as shown in Figure 5 [139]. The overall acceptability 
of the system is divided into social acceptability and practical acceptability. In wearable 
applications, the term “social acceptance” can be utilized to describe both the ethical 
aspects of the application as well as aspects concerning the appearance of the system. 
Usefulness defines whether the system can be utilized to achieve the desired goals. 
Utility defines whether the functionality of the system can solve specific problems, 
whereas usability measures how well users can make use of that functionality.  
 
According to Nielsen, usability can be defined in terms of five attributes: learnability, 
effective use, memorability, error handling, and subjective satisfaction [139]. 
Learnability means how easy the system is to learn while effective use is how effective 
and well the system can be utilized once the usage has been learned. Memorability 
describes how easy the system is to use after periods out of use. Errors actually take two 
forms. Clearly systems should function with a minimum amount of error. However, 
when errors do occur, the quality of the system is defined according to its capability to 
recover and handle error situations. Subjective satisfaction is a qualitative measure of 
how different individuals experience the usage of the system. 
 
There are several advantages resulting from a consideration of usability in the design of 
systems and applications. The needs of potential users for products and applications will 
be more easily identified. Usability tests can verify whether the system fulfils set 
requirements and whether it is suitable for its designated purpose. Significant savings in 
cost can be achieved when systems and applications function properly and reduce the 
need for maintenance, support, and repair [139]. In addition, the productivity of workers 
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may be an issue since they can work more effectively and derive more satisfaction from 
the tools they use. Usability evaluations can be made at different times and stages 
during the design process. The purpose of these evaluations is to help designers to 
understand actual needs, compare competing designs and discover the best solutions to 
problems, to check the value of the design, and to ensure that the design conforms to 
any required standards [160].  
 
The basic requirement for wearable electronics systems is that they can be utilized 
anywhere and anytime or in application-specific situations. This also means that UI 
devices are utilized in diverse environments and situations. When performing usability 
evaluations this feature also needs to be considered.  
 
During the history of wearable systems, usability and the differing requirements for the 
systems have been recognized. However, little attention has been paid to the evaluation 
of the usability implication of long-term wearable electronics usage. Lyons and Starner 
have suggested a mobile recording device for wearable users, which enables capture of 
the user context by analyzing the interaction between the user and the machine. This is 
achieved by a video recording of the display that the user sees and by utilizing software 
that logs events generated by different applications [109]. This is also a common 
procedure utilized in desktop usability testing. In addition to this, they propose 
additional context sensing to find out what users see or hear during usage of wearable 
systems. 
 
Design guidelines that affect usability are a concept model, visibility, mappings, 
feedback, and errors [141]. The concept model is related to systems functionality, 
design, and appearance. These three issues need to be in line so that users actually fully 
understand how to use the system and for what purpose the system is intended. If the 
functionality is explained to users they will have a better idea of the kind of design and 
appearance the system should have. According to their own perceptions as well as the 
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Figure 5. Overall acceptance of the system [139]. 
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actual shape, size, and the appearance of the system, users can categorize the system’s 
applicability into different tasks [19].  
 
Visibility, feedback, and mappings relate to the usage of the system. Functionality needs 
to be transparent so that users can discover what they can do with the system. Feedback 
is needed to indicate to users that the system is actually working. Mappings refer to 
connections between controls and actions. Users need to receive help from this 
relationship so that control can be achieved without the instruction manual. In error 
situations there should be messages to users from the error source so that users can react 
appropriately. 
 
Usability is a quality measure of the system and can be evaluated employing several 
methods, such as interviews, questionnaires, observations, and heuristic evaluations 
[103]. These evaluations are typically carried out on finished products and are known as 
summative evaluations [160]. Evaluations utilized at the beginning or during the design 
process are considered formative in nature because the results of these tests can be used 
to improve the design [160].  
 
Perhaps the most common usability evaluation method is the usability test. In such 
testing, a selected group of users performs predesignated tasks in a laboratory or in the 
actual intended usage environment of the system. Test performance is either observed 
directly by the test makers or indirectly by utilizing video or audio recording. Typically 
a think-aloud protocol is utilized, in which testers verbally express their thinking while 
performing the tasks [160]. This helps in the identification of problematic situations and 
the reasons for them. In addition to usability tests, interviews and questionnaires may 
often be utilized to elicit information such as relevant background data and users’ 
personal experiences and opinions.   
 
In this thesis, usability or user acceptance evaluations are performed in [P1, P3, P4, P6, 
P7]. All the evaluated systems are prototypes and so the tests are regarded as being 
formative. Typical usability test procedure is illustrated in Figure 6. First, the goals of 
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Figure 6. Typical usability test procedure. 
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the tests need to be specified. Second, testers need become familiar with the test subject 
and its functionality. After this the test assignments can be set.  
 
Usability tests should include typical, critical, and potentially problematic tasks [103]. 
Typical tasks are performed on the basic functionality of the system. Critical tasks are 
assignments that include a certain level of risk or danger when performed incorrectly. 
Potentially problematic tasks are tasks that have been identified as difficult during the 
familiarization procedure. One method of conducting these tasks is heuristic evaluation, 
in which (usually) usability experts evaluate the system and its strengths and 
weaknesses according to a heuristic rule set [103]. One such list is introduced by 
Nielsen [139]. 
 
Once the test assignments have been specified, a preliminary test is made to estimate the 
time needed and ensure the proper functioning of all equipment at the testing site. At 
this stage test assignments or test site arrangements can be revised if necessary. The 
testers should be end users representing the target group of the application. However, 
when testing research prototypes in practice, it is common to recruit individuals who are 
easily available. In the test situation, assistants are needed for activities such as 
observation and assisting the testers. Before starting the tests, it is important to explain 
why testers are needed as well as the test procedure. In addition, permission must be 
obtained from the testers for the recordings. It is also important to explain what will 
happen to the data collected on completion of the tests. In the test situations, testers 
perform their assignments utilizing think aloud protocol and assistance is provided only 
if needed. 
 
After testing, the results are analyzed. Typically, usability tests provide qualitative 
information. However, the time taken in the performance of each task may give 
valuable information, such as differences between test persons as well identifying those 
tasks causing most problems for the testers. Results are shown anonymously. Findings 
of the tests can be categorized and improvements suggested. If the results satisfy the 
goals set for the tests, improvements can be implemented or in some cases, tests can be 
performed again with modified assignments. 
 
Usability evaluation has become more important with the increase in the number of 
different electronics devices utilized. Not every system can be learned, so instead, the 
UI should be easy to use and provide enough help for the user to avoid the need for 
instructions or memorizing. In addition, usability is emphasized when systems are worn. 
In smart clothing applications, the user is surrounded by additional technology and 
therefore, topics such as wearing comfort and the overall ergonomics of the system are 
important issues. To elicit users’ opinions on such topics, interviews or questionnaires 
are typically conducted to ascertain users’ subjective feelings. 
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The method for considering usability from the outset of the design process is known as 
user centered design. One such a method is Contextual Design (CD), which utilizes data 
collected from customers as the base criteria for defining the functionality of the 
systems [16]. The CD method is also employed as a case study in [P5]. However, this 
process is somewhat complex and is, therefore, unsuitable for quick prototyping 
research.  

3.3 Smart Clothing Concept Model 

The smart clothing concept model is illustrated in Figure 7. In this model a human is at 
the center of the system and covered with clothing, electronics, and other additional 
components. Clothing in this model is divided into three layers, comprising an 
underwear layer, an intermediate layer, and an outerwear layer. Their functions are 
transporting perspiration away from the skin area and maintaining a comfortable 
interface between the skin and clothes, keeping the user warm, and protecting the user 
from environmental danger. In the same way, smart clothing architecture components 
can be classified into clothing layers according to both functionality and proximity 
requirements. In this model the underwear layer with the additional components 
corresponds to the skin layer in the smart clothing system. Similarly, the intermediate 
layer corresponds to an inner clothing layer and the outermost layer to an outer clothing 
layer [P8].  
 
The skin layer is physically the closest layer to the human body and, therefore, 
electronics requiring direct contacts with the person are placed here. These typically 
include physiological measurement systems, especially sensing elements, and UI 
components, which need to be easily available. The amount of additional components in 
underwear is limited because of the light structure of the clothing [S5]. 
 
The inner clothing layer consists of intermediate clothing and additional components 
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Figure 7. Smart clothing concept model. 



Smart Clothing Design 
 

28 

that do not need skin or environment contacts. Components in this layer may be larger 
in size and heavier than the components in the skin layer. It is often beneficial to place 
components in this layer since they can be more easily concealed so as to give the 
appearance of ordinary clothing. In addition, the outerwear clothing layer provides 
shelter against adverse environmental conditions. Components in this layer contain 
devices such as CPUs, communication equipment, and power sources. 
 
The outer clothing layer typically contains sensors to measure environmental parameters 
or equipment such as antennas for external or personal space communications. 
Additional components integrated into clothing accessories obviously belong to this 
layer. Smart clothing also provides an interface between users and their surroundings. It 
also acts as an interface between the application and the information networks that can 
be accessed by various communication technologies.  

3.4 Smart Clothing Electronics Architecture 

According to the smart clothing definition, sensing and actuation elements, data storage 
and processing, energy sources, and communication are all needed in every smart 
clothing application [P1, P2, 9, 153, 154, 165, 203]. Energy sources are needed to 
provide power for functions. Data storage and processing are needed for functionality 
and intelligence implementation. Sensors and actuators complete the control loop of the 
system. Communication is needed between the distributed components of the system, 
between the user and the system, between the system and information sources, and 
between the user and other people. A general smart clothing system is presented in 
Figure 8, containing the elements listed above. Inputs for the system are provided by the 
user or different sensors measuring the user or the environment. On the basis of such 
inputs and decision logic, the system gives feedback to the user and controls the 
performance of the automated functions.  
 
Selection of the hardware components for smart clothing systems obviously depend on 
the application and the environment. This selection affects the reliability and endurance 
of the designed system, performance parameters, as well as maintainability issues. The 
electronics architecture of the smart clothing is illustrated Figure 9.  
 
At the center of the design is a CPU, which is in responsible for the intelligence of the 
system. CPUs are often utilized as the central point of the design to connect the various 
electronics modules [P1]. For smart clothing applications, processor speed is not as 
critical as in general-purpose computers or desktop computers. Lower speed saves 
power. Functionality is also often more restricted, so that state-of-the-art clock speeds 
are unnecessary. In addition, the processor architecture can be distributed so that 
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Figure 8. Smart clothing system. 
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processing occurs near the physical location where the information processing and 
calculation is needed. On the other hand, applications such as fully-functional wearable 
computers often utilize centralized CPU solutions.  
 
Commercial wearable computer vendors are selling computers with 400 MHz and 500 
MHz processing speeds [67, 226]. However, in smart clothing applications, small 8 to 
16 bit microcontrollers are also commonly utilized [P1-P6]. In order to perform also 
more powerful tasks, solutions are needed to combine different task-specific processors 
[106]. Another approach for CPUs, is a PDA-based solution, which contains a display 
and processing capability in a same apparatus [P3-P5, 33].  

3.4.1 Feedback Devices 
The part-time usage of smart clothing while concentrating on other tasks may make 
usage of the display difficult. However, displays are the major feedback devices in 
desktop computing, and in wearable applications they also play a major role. People are 
accustomed to using displays so these are natural feedback devices in wearable 
electronics applications. Visual feedback devices utilized in wearable electronics 
applications can be basically divided to HMDs and panel type displays. The application 
and the data to be presented determine the type and characteristics of the display. HMDs 
can be utilized without interrupting work, however, they are not suitable for all tasks 
and so alternative feedback methods are also needed.   
 
In wearable computers typically monocular, biocular, or binocular HMDs are integrated 
into the system for general-purpose usage [130, 182]. HMDs in the early stages of 
development were large in size and thus were not readily accepted [115]. In addition, in 
our own research with wearable computers in the late 1990s, the wire between the 
display and the CPU was often thick, causing some user discomfort [P8]. 
 
In wearable electronics applications, the basic requirement for the HMD is to be see-
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through. In the case of a non-see-through display, the display component should be for 
one eye only to allow unrestricted movement, uninterrupted performance of tasks, and 
AR applications. For long-term usage, HMDs should also be comfortable to wear [130, 
205].  
 
Displays are typically integrated into flexible fasteners, bands, or eye-glasses. For 
wearable electronics applications the latter is mostly utilized [85, 120, 179, 182]. For 
HMDs, Liquid Crystal Display (LCD) panels are typically utilized. However, other 
techniques such as picture direct painting to user’s retina in Virtual Retinal Displays 
(VRDs) are also being investigated [133].  
 
Even if today’s HMDs are small and fairly unobtrusive, for a range of applications such 
as sport and physiological monitoring, these devices are still too conspicuous. 
Therefore, almost undetectable small display panels integrated in clothing or other 
feedback devices are widely utilized in wearable electronics applications as well.  
 
PDA-based wearable solutions have the advantage of having the CPU and the display 
together in the same package. This is also the case with gadget-type wearable 
technology applications, such as heart rate monitors and wrist-worn computers, which 
have a display integrated on a wrist device [69, 70]. The display can also be integrated 
into other kinds of input device as with the Yo-Yo interface, utilized in the Cyberia 
project [P1, S1]. This is shown in Figure 10. This interface contains the feedback 
display and input methods in a same package. The menu picture on the display changes 
according to hand movements. In the menu, a user can make the desired selection by 
squeezing the display module.   
 
In smart clothing applications displays can also be integrated into clothing. Examples of 
these are Light Emitting Diode (LED) displays on flexible substrates or optical fiber 

 
Figure 10. Yo-Yo interface. 
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technology combined with LEDs that can be utilized to achieve systems that maintain 
their clothing-like properties [88]. Projection displays have also been proposed, though 
these have the drawback that their information can also be read by others nearby [18]. 
New display technologies utilizing polymer fibers and benefiting from flexibility, 
probably represent the next important stage of development in smart clothing 
implementations [48].  
 
A visual channel for feedback can also be utilized for simple notifications. LED 
integrated into clothing is a way of attracting the user’s attention to notices [P1, S1]. 
Other typical feedback channels utilized are auditory and haptic channels. These are 
usually the channels employed when users have an impaired visual channel. However, 
in mobile environments, the visual channel may be overloaded and other channels need 
to be utilized. On the other hand, a user may be in a situation where some of their 
sensory channels are temporarily impaired as when walking in noisy and crowded 
places [51]. More than one feedback channel is, therefore, often necessary. Examples of 
auditory feedback are different sounds or speech [P1, S1, 170]. Typical haptic feedback 
systems are small tactors integrated at different locations in clothing [P5, P6, S3, 41, 
194]. 

3.4.2 Input Methods 
Conventional input devices, such as QWERTY keyboard and mouse, are unsuitable for 
mobile devices. This is because their usage needs space and are, in themselves, too large 
to be utilized or worn while moving. Therefore, alternative input devices or methods are 
typically utilized in smart clothing applications. These include simple switches and 
clothing-like keyboards, as well as speech and gesture inputs [P6, 131, 144, 164, 175]. 
However, usage of these new devices requires training, since people are familiar with 
the QWERTY keyboard and the mouse [198]. An example of a clothing-like touch 
sensitive switch is shown in Figure 11. When the user touches the switch with a finger, 
an electric current passes through skin between the metal sleeve and the ECF yarn 
around the sleeve. This is an example of very simple ON/OFF type functioning. N-
Fingers is another example of an alternative input device for wearable applications 
utilized for selection tasks [99]. In one hand there are four mechanical buttons attached 
to finger joints, two in the middle finger and one in both the ring finger and the thumb. 
These buttons can be operated by the thumb and they function as arrow keys or have 
application-specific commands.     
 
Since QWERTY keyboard is familiar to most people, miniaturized QWERTY 
keyboards and half-QWERTY keyboards are also utilized for wearable computer 
applications as primary text entry devices [127, 198]. These keyboards are typically 
fastened to the user’s wrist and operated with the other hand. Such devices actually 
require two-handed operation and are, therefore, not practical for all applications. 
Performance of the QWERTY keyboards utilized with one hand for typing is 
significantly inferior to two-handed use [152]. Half-QWERTY keyboards dispense with 
the infrequently utilized keys and two letters are typed with the same key. The reduced 
number of keys and smaller keyboard make it usable when worn on the wrist [127].  
 
In PDAs the commonly used input methods are touch screens, which enable hand-
writing recognition or virtual keyboard usage as well as pointing device usage [24, 105, 
229]. However, these input methods still require the use of both hands. For virtual 
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keyboards, alternative optimized layouts for letters are also implemented to promote 
more effective text entry [110, 229].  
 
Typical keyboards for wearable computer usage are chordic keyboards, which are 
utilized by pressing several keys at the same time [108]. With such devices far fewer 
keys are needed than in QWERTY keyboards and these devices can be utilized with 
only one hand and in different positions. 
 
Alternative user inputs are often related to body-based methods. These refer to UIs, 
which utilize the human body in pointing, feeding, or receiving feedback. Examples of 
these kinds of input devices are data gloves or a light glove, which allow direct 
pointing, selecting, or feeding using hand, wrist, and finger movements as well as 
posture [22, 47, 49, 72].  
 
In addition, speech, eye movements, facial expressions, and emotions can be utilized for 
data inputting. Speech input is regarded as an effective input method since it does not 
have the scalability problem that almost every physical input device has and it is a very 
natural method for people [170]. In addition, both hands are free for other tasks [175]. 
Unfortunately, in practice it has suffered problems such as being user-dependent and 
most functional for short clearly distinctive controls. Eye gaze is typically utilized for 
computer usage when other methods are not possible, such as in the case of 
quadriplegia.  
 
Physiological signals are natural inputs for computer systems and can be utilized for 
health monitoring as well as for implicit inputs. These inputs can trigger automatic help-
calls or registration of situations in various user states. This latter group includes 
interpretation of a user’s emotions. Emotion recognition systems are utilized in Human 
Computer Interaction (HCI) research to record the frustration or interests levels of users 
by means of inputs to the computer [61, 63]. Although many of these systems are 
intended for stationary use, it would also be reasonable to make them wearable. 
Affective computer systems are implemented by equipping the computer with suitable 
sensors to measure physiological parameters and tools to interpret the measured values 

 
Figure 11. Example of clothing-like UI switch. 
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[156]. Therefore, clothing provides the necessary proximity and privacy for 
measurement implementations. 
 
Virtual pockets represent a wearable user interface that can be distributed to several 
locations on clothing [98]. Each location hides pieces of information or computing 
objects, in the same way as conventional pockets conceal objects that may later be 
needed and allow the user access to storage when needed. UI hardware is implemented 
using clothing-like pressure sensitive textiles. These clothing-like materials are utilized 
for key implementations in snowboard clothing and denim jackets [158, 161, 211]. The 
advantage is that the input device is integrated into the clothing and, therefore, will not 
get lost. In addition, these input devices are washable.  

3.4.3 Positioning  
Positioning methods are technologies needed in wearable electronics design and 
implementation in several navigation and guidance applications, as well as in context-
aware systems. Positioning techniques can be categorized according to accuracy, 
reliability, availability, latency, and suitability to the application in question [192]. The 
latter category includes power consumption, hardware size, weight, and shape, as well 
as dependency on infrastructure in the environment. In addition, different positioning 
methods are applicable in different environments. Another possibility to classify 
positioning methods is based on the location-sensing techniques. Three principal 
techniques are triangulation, scene analysis, and proximity [66].  
 
For outdoor positioning, satellite-based techniques are the mostly commonly utilized 
due to their global availability. At present satellite positioning actually means the usage 
of GPS services. There are many commercial handheld GPS devices available for 
various purposes such as motoring, hunting, and trekking. These devices are nowadays 
small enough to be easily portable and enable wayfinding without additional 
infrastructure. However, for indoor positioning GPS is not suitable. This is due to its 
weak signal strength and, in urban areas, large buildings may block the signal between 
the satellite and the user’s receiver [192]. Therefore, other positioning methods are also 
needed. For outdoors, cellular networks employing proximity principle can be utilized 
[66, 192]. In this method, a user in a range of one or more wireless cellular access points 
can be detected and his position estimated.     
 
The major methods used for indoor positioning involve different RF solutions, utilizing 
Wireless Local Area Networks (WLANs) or Bluetooth for location detection [91, 138]. 
In addition to RF, infrared-based solutions are employed in location and messaging 
systems [75, 186]. Inertial positioning, utilizing acceleration sensors and gyroscopes, is 
also suitable for positioning and navigation applications. However, it is prone to drifting 
and requires regular calibration with other positioning methods [8, 10]. As a result, it is 
often utilized together with a supplementary positioning method such as GPS [66]. 

3.4.4 Communications 
Communication in wearable applications is needed, firstly, to connect distributed 
components together in a piece of clothing, between UI devices and clothing, and 
between the separate items of clothing. This type of communication is regarded as 
internal communication in that it takes place within the user’s clothing and is in close 
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proximity. Secondly, external communication is needed to data transfer between 
wearable systems and external information networks or other users. Thirdly, personal-
space communication takes place when internal communication components initiate 
data transfer with the environment in an ad hoc manner. Personal-space communication 
is restricted to the user’s close proximity, for example, data transfer between 
environment sensors and clothing. These communication layers are shown in Figure 12. 
In this general communication model for wearable electronics applications, there exists 
a single access point at a time to enable the external communication. This access point 
can, for example, be a network interface for a cellular data network. External 
communication can also be more easily managed because of this single access point. 
 
For communication implementation, several techniques are available. The most suitable 
techniques are selected on the basis of communication needs which are determined by 
the types of data to be exchanged, data transfer rates, exchange periodicity, reliability, 
security, and cost, as well as power consumption. Different techniques are suitable for 
internal and external communication, and personal-space communication can be 
accomplished with a variety of techniques appropriate to the situation.  
 
Communication techniques can be divided into wired and wireless data transfer 
techniques. Wired data transfer is practical only in internal communication in a piece of 
clothing. For this technique ordinary plastic insulated cables, ECF materials, or optical 
fibers are applicable. Ordinary cables are a straightforward solution, having high 
capacity. However, cables in clothes may tighten and, therefore, decrease user comfort 
[P1]. In addition, in cold environments cables typically become less flexible [P1]. ECF 
based yarns can also be utilized as cable replacements. They are strong, light, flexible, 
and clothing-like. However, there are, in practice, a few challenges in their usage [P9]. 
To benefit from the flexibility of fibers, ECFs need to be bare. This means that they are 
also electrically conductive on their surfaces. Another challenge is to have reliable 
connections between the ECF yarn and electronics. At present, optical fiber usage in 
clothing applications resembles sensor usage more than communication [97, 102].  
 
Wireless communication techniques for low-range internal or personal space 
communications include the use of Radio Frequency (RF) modems, infrared, capacitive, 
ultrasound, and inductive communication techniques. Infrared communication is a 
simple and low-cost solution widely utilized in devices such as remote controllers, 
mobile phones, and portable computers. However, line-of-sight between a transmitter 
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Figure 12. Communication layers in wearable electronics applications [P8]. 
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and a receiver is needed, which for practical purposes restricts the use of infrared 
communication to personal space communication. Capacitive coupling for close range 
applications has been used in wearable systems [159, 231]. In this communication 
method the human body is utilized as the information conduit. Ultrasound 
communication for data and power transfer has been proposed for implantable 
electronics data transfer between clothing and implants [4].  
 
RFID is typically utilized in various tracking and identification applications. Several 
RFID systems work utilizing an inductive coupling principle. In active systems, 
separate power sources are needed both for a reader and a tag, whereas in passive 
systems a reader provides the necessary energy for a tag. In this latter case, 
communication is restricted to very short distances unless the size of the coupling 
element, the antenna, is increased. Fabric Area Network (FAN), which forms a network 
of inductive coupling elements, has been designed to overcome this problem [73]. Two 
adjacent nodes form the necessary coupling that allows the exchange of information 
between different items of clothing. Antenna elements can be made using soft fibers to 
achieve a clothing-like solution.  
 
Low-range and low-power RF communication is suitable for internal as well as for 
personal-space communication [S6]. This communication method provides benefits 
over infrared communication since no line-of-sight is needed. Factors such as utilization 
on unlicensed Industrial, Scientific, Medical (ISM) bands and the availability of several 
low cost chips on the market have promoted their usage over other methods such as 
Bluetooth.  
 
Several radiophone circuits are available for external communication in a range of 
between two to three kilometers. However, trunked radio network in a push-to-talk 
format enables an easy way for eavesdropping, which has restricted usage of this 
communication method [95]. Indoors, WLANs and Bluetooth technology are commonly 
utilized techniques for external communication. Coverage for both of these techniques 
is from 10 to 100 meters. However, for typical smart clothing applications where 
communication is between sensors in the environment and the user, these techniques are 
too powerful. Today, miniaturization of WLAN technology has advanced and WLANs 
are already integrated into devices such as smart phones. This trend suggests that their 
usage will extend into other areas such as smart clothing applications.  
 
Wider range external communication utilizes Global System for Mobile communication 
(GSM), General Packet Radio System (GPRS), Enhanced Data rates for GSM Evolution 
(EDGE), or Universal Mobile Telecommunications System (UMTS), depending on the 
required data transfer rates. These techniques offer wide coverage and are actually the 
techniques needed for mobile systems to achieve continuous access to information 
networks while moving, for example, between home and office. For smart clothing 
applications however, Short Message Service (SMS) has been found to be practical for 
purposes such as varying controlling applications. 
 
Antennas for wireless communication are not easily attached on the body. In satellite 
positioning systems, for example, the antenna should be placed so that the body will not 
block the incoming signal. Traditional antennas are hard components, which do not 
naturally integrate into the clothing structure. Planar antennas for unobtrusive clothing 
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integration have been proposed for GSM, UMTS, Bluetooth and WLANs [P11, S7, 168, 
169]. In addition, flexible PWB or fabric antennas fit well into the clothing structure and 
increase user comfort. 
 
Flexible PWB materials are generally considered the best solutions in clothing since 
they promote wearing comfort by adapting to the moving body. Furthermore, antennas 
are essential subparts of wireless communication systems, which are needed for 
personal space and external data transfer in smart clothing applications. Improper 
antenna design may increase transmission power dramatically and also increase the 
overall power consumption of the system. This is an undesirable feature for all mobile 
devices.  
 
Flexible materials are lightweight and thin. These properties make it easier to place 
antennas utilizing these materials in clothing so that its appearance and properties are 
maintained. A flexible antenna suitable for Bluetooth communication has been 
investigated to replace wired data transfer between smart clothing and a desktop 
computer to make it easier to transmit measured sensor data to the computer for further 
analysis. Wearable antennas must be light-weight, small, and robust. Additionally, dual-
band or multi-band operations are recommended to reduce the need for different 
antenna elements in clothing. 
 
The designed antenna, worn on the front shoulder, is presented in Figure 13. The 
utilized antenna was found to be suitable for the clothing environment. However, in this 
application the placement and size of the antenna were such that rigid antenna materials 

 
Figure 13. Flexible antenna worn on front shoulder [P4]. 
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could also have been utilized. Flexible antennas would be more beneficial if they were 
larger. However, in this application the most essential benefit was the weight of the 
antenna, which was less than that of a rigid PWB.  

3.4.5 Energy sources 
In mobile applications tetherless solutions are required. In addition to primary and 
secondary battery technologies, solar cells, and alternative energy harvesting methods 
are utilized [184, 186]. There have been many recent improvements in storage capacity, 
CPU speed, and data transfer speed. However, this is not the case with energy density 
development in batteries, which typically makes batteries the heaviest parts of wearable 
applications [181]. Improved power saving in hardware and software as well as 
alternative methods to power the systems is therefore needed. In mobile environments 
any additional weight can impair the usage comfort.  
 
Primary batteries are typically utilized in very low-power applications [74]. However, 
such batteries need to be changed regularly, which makes usage more difficult. 
Secondary batteries are the most common solutions to power wearable applications. 
Typically Nickel-Metal-Hydride (NiMH), Lithium-ion (Li-ion), and Lithium-polymer 
(Li-polymer) batteries are utilized. NiMH batteries are safe and easy to use when 
prototyping, whereas lithium-based solutions offer better energy density [30, 60]. In 
addition, Li-polymer batteries make it possible to construct flexible batteries, which fit 
naturally into the clothing structure [206].  
 
Energy harvesting from the user or the environment presently takes the form of kinetic 
energy from human movements. Shoes are an example of clothing platforms that 
provide space for additional components as well as an energy source from the steps. 
Energy from steps can be harvested using piezoelectric materials that produce electricity 
by the transformation of material under the sole or knee or by using mechanical rotary 
generators [93, 148, 184]. In addition, objects at different temperatures can be utilized 
for energy harvesting via heat transfer [148, 184]. This has been utilized to power such 
devices as wrist watches [148]. Solar cells can be manufactured in a flexible form and 
have been proposed as power sources for personal electronics devices [71, 221].  
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4 Prototype Smart Clothing Designs 

Several research prototypes have been produced to find suitable ways to design and 
implement smart clothing applications. In addition to prototype designs, technologies 
relevant to clothing-like smart clothing design have been examined in detail.   

4.1 Prototypes 

The smart clothing prototypes designed and implemented are reported in [P1-P6]. [P7] 
deals with the usability tests performed for the CityGuide wearable electronics system. 

4.1.1 Cyberia 
The smart clothing prototype for the arctic environment is designed, implemented, and 
tested in [P1, P2, S1]. The starting point for the prototype implementation was to 
examine the possibilities of utilizing information technology, electronics, and advanced 
fiber and textile materials in the production of better functioning clothes. As a result, the 
project team included representatives from electronics and software engineering, fiber 
and textile engineering, clothing design, and industrial design. In addition, the concept 
of smart clothing and its subcomponents were also studied. The ultimate goal was to 
implement a full-scale application prototype which would embody the results of the 
project. 
 
Since a Finnish clothing manufacturer specializing in sport and outdoor clothing was an 
initiator of the project, the obvious choice of application was one suited to their clothing 
range. As a result, a smart clothing prototype for the arctic environment was chosen 
with a special target group of snowmobile users. The reasons for this choice were fairly 
obvious since snowmobile clothing provides enough volume for additional intelligent 
embedding. It was also assumed that this target group would encounter the kind of risks 
that would provide the needed challenges to be overcome during the project. To avoid a 
false sense of safety and increase the risk level, it was decided that the target group 
should consist of experienced snowmobile users with basic survival and first aid skills 
as well as a basic knowledge of snowmobile repairs. 
 
On the basis of a brief survey of snowmobile user accidents and target group user 
interviews, we put together a list of the challenges and problems for which we started to 
develop solutions. Seven problems were identified: getting lost, accidents, technical 
failure of the snowmobiles, changing weather conditions, health problems, lack of 
important equipment, and cold weather conditions. The challenge for the whole project 
group was to find solutions to these problems. The goal of the prototype was defined as 
the prevention of the type of accidents encountered in a cold and hazardous arctic 
environment. However, in the event of an accident, the prototype suit should aid 
survival for as long as possible.  
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In addition to the goals of the project, requirements were defined for the mobile 
application, user comfort, usability, and environment. Technical requirements for 
mobile computing were small size, low weight, and low-power operation. Therefore, the 
requirement for the extra weight was not to exceed one kilogram. The operation time of 
the system with one charge was specified as 24 hours. For maximum user comfort, the 
placement of additional components as well as their shapes and sizes were designed so 
as not to hamper the user or impair ordinary usage of the suit by applying guidelines 
from [52]. Requirements for the UI devices were that they should be well-suited to as 
many people as possible, suitable for both left- and right-handed persons, and capable of 
use with gloved hands. The cold environment was especially challenging for electronics 
design since every component should be functional in temperatures as low as minus 
20°C to 50°C. The clothing should also adapt to changing weather conditions while also 
maintaining thermal comfort in extreme conditions. The electronics components should 
be able to withstand changing humidity and mechanical stress caused by typical usage 
conditions and the electronics attached in the clothing structure should be washable. 
 
The survival suit prototype consists of a two-piece set of underwear, a supporting 
structure, and the actual snowmobile jacket and trousers. The electronic functionality of 
the suit can be divided into four parts: communication, navigation and positioning, user 
and environment monitoring, and heating. To maintain the appearance of ordinary 
clothing, the electronics modules were located in the supporting structure illustrated in 
Figure 14. This supporting structure is placed between the lining and coating of the 
jacket. Component placements in the structure were applied from [52] and verified 
using six volunteers of different body sizes. Weight was distributed along the body and 
the components were attached to the body with the structure to keep the weight as close 
to the center of the gravity as possible. The same structure can be adjusted to different 
body sizes. Hard and soft elements alternate to provide joints for movement. In the 
placement, the batteries are located at the warmest place to ensure their capacity in cold 
temperatures.  
 
The functional architecture for the electronics is implemented utilizing GSM for 
communication, GPS and an electronic compass for navigation and positioning, and 
electrically heated conductive woven carbon fabric panels on the underwear’s wrists for 

Figure 14. Supporting structure and main electronics components [P2]. 
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heating. The user and the environment measurement system consist of a heart rate 
sensor, three position and movement sensors, ten temperature sensors, an electrical 
conductivity sensor, and two impact detection sensors. Placements of the sensors are 
shown in Figure 15. Low-power functioning guided the electronics design so that power 
saving modes were utilized and unnecessary usage of the system was avoided.  
 
The external communication technology utilized GSM SMS as the suit was intended for 
use in Finland. SMS was chosen instead of the telephone to prevent needless use of the 
phone and to save power. For internal communication, ordinary cables suitable for a 
cold environment were used to connect the various electronics items. In addition, 
wireless inductive data transfer was utilized between the heart rate sensing elements and 
the receiver. In Finland there is a service providing weather forecasts on request, 
utilizing SMS. This solved the changing weather conditions problem since the user was 
able to obtain location-based weather forecasts by GSM SMS [P8]. 
 
Positioning and navigation was implemented utilizing GPS and a 3D (three 
dimensional) electric compass. With this functionality a user can navigate to a desired 
point, locate other suit users, and return along the route traveled. In addition, a special 
transparent map pocket was integrated onto the left thigh of the trousers. This 
positioning and navigation system was added to the system to overcome the problem of 
getting lost.  
 
Electrical heating in the wrists of the suit’s underwear was utilized for user heating only 
in the case of an accident. The reason for this is that electrical heating needs a great deal 
of energy and the batteries may quickly run down. Therefore, this heating option was 
possible only when there were no other options. In addition to heating, thermal 
equalizer phase changing material was utilized in the underwear. These were solutions 
for coping with the cold environment. In addition, such fabrics are examples of new 
textile material usage in clothing to improve its functionality. It was demonstrated that 
these materials are suitable for the clothing. However, for user comfort further research 
is needed to find ways of making more flexible and breathable designs. 
 
User and environment measurements are utilized for the inputs to the decision logic. 
This is to support survival in three situations: heavy impact, falling into water, and 
injury. The measuring concept is illustrated in Figure 16. Measured signals are first 
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Figure 15. Sensor placements [P2]. 
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processed by a feature extraction system, in which all features are presented using 
binary values, where the condition is either true or false.  
 
Acceleration sensors were utilized to detect sudden crashes and the position of the user. 
Five features are calculated from the outputs of the acceleration sensors. These features 
are rapid acceleration, the user is moving normally, the user has been immobile for a 
certain period, the user is in an upright position, and the user is lying down. Sensors are 
located on the CPU board at the small of the back as shown in Figure 15. This 
placement assures that any rapid acceleration measured, is only the result of an actual 
impact on the user. A heart rate sensor was utilized to measure vital functions. Three 
features are extracted from the heart rate signal: absence of heart beat, slow heart rate, 
and deviation of the heart rate signal below the normal level. A special electrical 
conductivity sensor indicates if the user has fallen through ice, in terms of whether or 
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Figure 16. Cyberia measuring concept.  
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not the user is surrounded by the water. Temperature sensors are utilized to measure the 
user’s microclimate temperature and outside air temperature. These sensor 
measurements show whether the user is lying on a cold surface or not. An inference 
engine is utilized to identify an abnormal situation on the basis of whether the 
predefined threshold value for any of the three situations is exceeded. These sensors, 
together with positioning and communication, were utilized to solve problems 
concerning health issues and accidents.  
 
If the monitoring system recognizes any of these three abnormal situations, an 
automatic emergency message is sent by GSM SMS. Before sending the message, the 
suit informs the user by means of an audio signal and warning light and the user has one 
minute to cancel sending the message. This is a precaution against false alarms. If the 
user does not cancel the message, it is sent to a pre-selected phone number. This 
message contains an emergency reason code, which indicates either an injury or 
technical failure, and the current position of the user. After this message has been 
received, additional information concerning the sensor values can be requested from the 
suit. The user is also able to send an emergency message manually in the event of 
technical failure or minor health problems.   
 
The lack of important equipment was solved by integrating non-electronic components 
such as ice spikes, a hypothermia bag, a snow melting pocket, fire kit, and a first aid kit 
into the suit. Non-electronic features of the suit are illustrated in Figure 17. Non-
electronic functions integrated to smart clothing systems are highly application-
dependent. In this project, it was noted that the integration of important equipment into 
the clothing structure could aid survival in actual situations. The addition of the non-
electronic features to the suit was decided on the basis of likely problems and user 
scenarios. In addition to the non-electronic features, functional textile materials were 
also utilized in the design. These included, waterproof outerwear material, water and 
fireproof material for the snow melting pocket, conductive woven carbon fabric for 
electrical heating, thermal equalizer phase-changing material in the underwear, and ECF 
utilized in electrodes to measure heart rate. Among the valuable information obtained 
during the project was that materials are available that can improve the functionality of 
clothing. However, more research is needed to achieve both reliable functionality and 
wearing comfort.  
 
After the suit was designed and implemented it was tested in actual conditions in 
Lapland. During testing user comfort and electrical functionality were evaluated. Since 
the suit was a prototype more emphasis was placed on wearability and the users’ 
subjective feelings of the suit. The appearance of the suit was like that of an ordinary 
suit and the users were unaware of any lumps or bulges caused by the electronics. 
Therefore, the goal of implementing a full-scale smart clothing prototype having the 
appearance of ordinary clothing was successfully achieved.  
 
The numerous cables needed for connecting the different electrical components together 
made the suit more inflexible, especially in tasks involving stretching. However, the 
additional components added to the system caused no problems or discomfort to the 
users. It can, therefore, be concluded that the placement of the components was 
successful. Technical functionality was tested by simulating problematic conditions and 
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verifying that alarm messages had been sent. The suit was found to be functional and 
the only problems were with the UI. The method of using the UI proved to be 
convenient, but usability was reduced when thick gloves or mittens were worn. This 
could have been improved using a smaller display unit, but no suitable display was 
available for the required temperature range on the commercial market. The connector 
cable of the Yo-Yo was very easily broken, causing connection problems. Not all the 
components used are suitable for the desired temperature range. Nevertheless, they are 
located in a warm place near the body in the supporting structure. Only the display 
showed any adverse effects in temperatures below minus 20 ºC by becoming very slow. 

4.1.2 Electrically Heated Prototypes 1 and 2 
According to the definition of smart clothing, smart clothes try to be better than 
ordinary ones. Therefore, the functionality of clothing to keep it users warm and 
maintain the thermal comfort of the user were investigated with the focus on 
functionality and usefulness [P1, P3, P4]. Since the place of work was conducted at the 
Institute of Electronics, electrical heating was the preferred solution to others such as 
chemical solutions. In addition, the material utilized for the heating implementation was 
found to be very potential solution is the previous research. The starting point for the 
research was the Cyberia suit, in which electrical heating was utilised in underwear 
wrists to keep the user warm in accident situations. In the Cyberia project conductive 
woven carbon fabric heating panels were used for heating implementation and it was 
decided to study the actual suitability of such panels for mobile applications. First, we 
implemented the electrically heated clothing utilizing an ordinary undershirt as the 

 
Figure 17. Non-electronic features of the Cyberia suit [P1]. 
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electronics platform. The goal was to improve the thermal balance of the user, rather 
than overheating the user. The shirt was chosen as the platform for the application 
because it was considered easier to utilize a single item of clothing for the initial testing 
of the principle. A tight-fitting shirt follows the line of the body and, therefore, 
additional heat has a direct effect on the body.  
 
The design started with the specification of heating panels. Conductive woven carbon 
fabric is brittle and backing material was necessary. From the samples, material 
resembling thin foamed plastic was chosen due to its flexibility. This was thought to 
increase the wearing comfort. Next, the problem of the power consumption was solved 
by limiting the current to 750 mA with 12 V supply. In order to limit this current, the 
sizes of the heating panels were defined so that overall resistance was 16 Ω. To achieve 
this, each panel is 185 mm in width and 50 mm in height. Altogether twelve panels were 
sewn on the undershirt at the locations shown in Figure 18. Flat copper conductors with 
small connectors are sewn to both ends of the panels, which are attached to the shirt 
with Velcro tape. This allows small location changes of the panels and means they can 
be detached during washing of the shirt. This was necessary for this particular material, 
which was found to be too brittle for machine washing.  
 
The heating prototype works by measuring the user’s surface body temperatures with 
nine temperature sensors. Their placements, which are only on the upper body, are 
applied from ISO 9886 standard [78]. With the test UI, the wearer of the suit can set the 
desired temperature values for the body and arms. According to the measured 
temperatures and set values the controlling electronics calculate the necessary pulse 
widths for the heating. The greater the difference is between the set values and 
measured temperatures, the higher is the output power for heating. Before using the 
system, the user switches the system ON utilizing the UI and selects the power mode at 
half power or full. After this the heating is automatic. The controlling electronics are 
placed into the additional pockets on the back of the shirt, as shown in Figure 19. The 
components, with the exception of the batteries, are fastened to the undershirt. The 
batteries were too heavy for such a light structure as the undershirt. They are, therefore, 
fastened onto a separate belt, which is easy to put on and take off.  
 

 
Back Front

 
Figure 18. Location of heating panels on the undershirt [P3]. 
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In addition to temperature sensors, three humidity sensors were added to the shirt for 
analysis purposes. The sensors are connected to the measurement unit, which performs 
the measurements. The power control unit takes care of heating power control. The 
power source comprises two separate NiMH battery packages providing 12 V input to 
the heating panels. With the test UI, which in this application was a pen-based PDA, the 
user can manually start and stop the heating, select the heating mode, start and stop the 
measurements, change set values for the heating, and transmit the measured data to the 
computer for further analysis. More detailed information on the electronics components 
in the application can be found in [S2].  
 
Before the user acceptance tests, the functionality of the system was evaluated in the 
laboratory and one person also tested the shirt outdoors and made a subjective 
evaluation of the locations of the heating panels.  
 
For the tests, ten university staff members and students were selected according to size, 
since only a medium size shirt was available. Tests were performed on the university 
campus area utilizing the heating shirt and a light overcoat. The testers were able to 
choose the rest of their clothing themselves. Heat generated by metabolism is mostly 
transported by convection from internal organs and muscles to the peripheral parts of 
limbs and skin. From the skin the heat is transferred to the surroundings by conduction, 
convention, radiation, and evaporation as well as through respiration [43]. In cold 
environments most heat loss takes place through uncovered head since the organs try to 
guarantee brain functions. In addition, badly covered peripheral parts of limbs are a path 
for heat loss. Therefore, the entire clothing affects the heat balance. However, in these 
tests entire clothing standardization was not possible.    
 
Each test can be divided into three stages. First, the test person stands still for five 
minutes. Second, the test person and a test assistant walk slowly for a half-kilometer so 
that the heating is OFF. Third, the same route is walked again utilizing the heating 
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Figure 19. First heating prototype. 
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option. This walking provided an estimation equivalent to performing light work. 
During the test, the test assistant asked questions about the wearer’s thermal comfort 
and whether any part of the body was too hot or cold. The functionality of the system 
was analyzed on the basis of this data and the measured temperature and humidity 
values.  
 
First, analyzes were made of temperature measurements. Obvious variations in 
temperature levels were found and it was, therefore, concluded that the system had 
measured microclimate temperatures instead of true surface temperatures. These 
temperature values started to decrease for each person while the heating was OFF. After 
switching the heating ON, temperature values behaved in three different ways as shown 
in Figure 20. These values show that the heating power utilized in the prototypes cannot 
increase the temperatures. However, temperature values just before the heating is turned 
ON can be maintained.  
 
Heat losses for each test person were calculated according to (1), separately for both of 
the test rounds; firstly when heating was off and secondly when heating was on. It was 
found that the heating power theoretically could not maintain the heat balance. 
However, the measurement arrangement for radiation temperature measurements, for 
example, were not standardised and so these heat loss calculations can only be 
indicative.  
 
The general view derived from the subjective evaluations of testers’ thermal comfort 
conditions was that the heating power was inadequate. However, all the testers could 
feel the heating, especially in the upper back and arms. It was concluded, therefore, that 
the test users’ expectations were too high since they expected the system to be hot. 
However, in a thermal comfort condition any part of the body should not be too hot and 
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Figure 20. Behavior of skin temperatures of three test persons [P3]. 
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so the approach of the research is correct. However, to achieve the overall thermal 
comfort condition, the whole body should have been heated.  
 
Due to the somewhat unattractive appearance of the shirt and its decreased usage 
comfort, it was decided to improve the design by separating the heating and 
measurements into separate clothing layers, adapting the smart clothing concept model. 
The inner covering jacket illustrated in Figure 13 serves as a platform for the heating 
panels. Eleven panels are placed inside the jacket at areas around wrists, arms, 
shoulders, chest, and back. An undershirt similar to that in the first heating prototype is 
the platform for the sensors. These include nine temperature sensors, a skin conductivity 
sensor, and a respiration sensor. The additional electronics needed in the measurements 
are also placed in the undershirt. The undershirt is illustrated in Figure 21. The skin 
conductivity sensor and the respiration sensor are added to the shirt for analysis 
purposes. In this way a more reliable estimate can be made of the heaviness of the work 
that the application user is performing.  
 
The undershirt is now constructed using more clothing-like elements than in the first 
prototype. The connector wires between the temperature sensors are replaced by 
electrically conductive metal clad aramid fiber yarn, which combines the conductivity 

 
Figure 21. Sensor shirt [P4]. 
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of metals with the light weight and flexibility of aramid fibers. To prevent short circuits, 
the yarns are embedded into the wire channels. The same material is also utilized for 
skin conductivity electrodes. In practice, it was noticed that above and beyond the hard 
solder bonding, the yarn breaks easily. Therefore, silver doped electric conductive glue 
was utilized in connections. However, when in contact with other hard materials such as 
heat-shrinkable plastic tubes, the yarns still tend to break.  
 
The second heating prototype was only tested indoors. Since the heating source is not as 
close to the skin as in the first prototype, potentially more power is needed for heating. 
It was noted in the first case that users felt the heating power was too low and the 
measurements were also similar. As a result, electrical heating implemented in this way 
is not considered practical for mobile applications. This is actually due to the weight of 
batteries and their capacity. With this configuration a user can be heated for only about 
half-hour. The usage comfort of the system was found to be much better than in the first 
case and the appearance was much more attractive. The latter is very important for users 
since in the first prototype implementation, some of test persons were alarmed by the 
shirt’s appearance.  
 
The two prototypes implemented show that it is possible to implement electrical heating 
in clothing applications. In addition, users liked the idea of electrical heating in general. 
However, the appearance was found to be intimidating and the system was found to be 
too difficult to put on. In addition, the heating power was not adequate for users. It was 
also suggested that other items could be heated such as the thighs, which in winter often 
get cold while walking even short distances outside.  
 
The first heating prototype implemented is an example of the wearable system, in which 
the design emphasis is on functionality implementation. Although the system itself was 
functional, the appearance was too clumsy for potential users despite the fact that test 
users were mostly technical people working with electronics. The approach adopted in 
wearable electronics systems design and implementations is often one of trial and error. 
It is, therefore, beneficial if the system is constructed in a modular way, making it easy 
to repair or replace parts of electrical components. In addition, such construction 
enables easy access to electronics and, therefore, helps in debugging. In terms of user 
acceptance of the application, it would have been better to perform testing with heating 
prototype 2. Nonetheless, the functionality and user acceptance tests were combined and 
the tests performed were very helpful in analyzing the overall functionality of the 
system. 

4.1.3 Positioning – Personal Position Manager  
Research into positioning capabilities focussed on the usability issues and wearing 
comfort of the wearable systems having distributed electronics architecture. Outdoor 
positioning was selected as a research target since no additional infrastructure 
construction is needed. At that time (2001-2002) potential technologies were the 
utilization of communication networks and satellite positioning. GPS was the most 
globally available technology and was, therefore, selected as the technology for the 
research prototype implementation [P5].  
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With the help of positioning new features can be given to clothing. In this prototype, 
electronics integration and distribution in clothing was the main goal. Commercially 
available clothes were first utilized as a platform. In this way more emphasis could be 
placed on proper and reliable functioning as well as easy usage of the system. After 
ensuring this first goal, a new prototype was constructed utilizing self-made clothing in 
which the focus was on the placements of the components. Feedback was also sought on 
the usability and the wearing comfort of the system. Thus, a case example was made of 
applying user centered design method to this application design. Due to the strict 
schedule of the project there was no time to make the components washable. Therefore, 
encasing materials to withstand washing were studied separately.  
 
As a result of the positioning research, Personal Position Manager (PPM) vest was 
implemented. Fishing was selected as the target application. However, the same 
electronics in different clothing platform are suitable for a range of other applications, 
such as hiking or picking berries. Since the goal was to achieve an easy-to-use system 
for fishing, in which the environment might be very demanding with a range of weather 
conditions and temperatures, the whole function of the concept needed to be different 
from commercial gadget-type GPS devices. The possibility to utilize the system solely 
for marking coordinates of different locations while fishing were added to the system 
parallel to the typical usage of the PDA as a UI device. This also enables more complex 
functions such as navigation. 
 
PPM consists of the clothing platform and additional electronics placed in the vest, 
application software for the microcontroller, and an additional PDA UI and its software. 
For the main function, namely positioning, a commercial GPS module was chosen. 
Requirements for the selection were availability, small size, low power consumption, a 
wide range of operating temperatures, and the possibility to use active and passive 
antenna solutions. The antenna of the system is placed on the shoulder of the vest, 
allowing a good line-of-sight to satellites. 
 
PPM contains two different UIs. The UI switch is intended only for location marking. 
The UI switch is a touch-sensitive platform designed to be clothing-like, easy to use, 
and reliable. Since the system does not provide any mechanical feedback, vibrating 
feedback is added to the system. When the switch is touched gently the system saves the 
current location coordinates into the memory of the microcontroller board immediately, 
or saves the location until enough satellites are in sight. The PDA UI is intended for 
navigation tasks and for making additional notices. After saving a location to the 
memory of the system, the user can add a description of the place or other details, 
utilizing the PDA. The entire PPM system is illustrated in Figure 22.  
 
The functionality of the system was first verified by one module at a time. After that the 
entire project group participated to user tests. This approach was selected because, 
according to the application specifications, we were unable to get actual end users. This 
preliminary evaluation actually focused on user comfort and UI switch functioning. 
Therefore, this user evaluation also served as the functional evaluation of the integrated 
system. In addition, the intention was to apply user centered design. Therefore, the 
approach to utilize the project team for identifying the major difficulties in usage was 
reasonable. 
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During the user evaluation two major shortcomings were discovered. First, it was 
noticed that navigation was impossible in slow movements such as slow walking. This 
was because there was no compass in the system. To find the correct direction the user 
must be continually moving to enable direction corrections based on the previous 
coordinates. The second problem was due to the UI switch, which worked well indoors. 
In outdoor conditions, however, depending on the surrounding environment and 
electrical conductivity of the user’s finger, touch was sometimes not recognized. 
Therefore, the sensitivity of the switch needs to be easily modifiable.  
 
After the first PPM prototype was made, a CD method was also utilized to improve the 
functionality and user acceptance of the system. The target group consisted of five 
persons interested in fishing, mountain biking, and hiking. During this approach, the 
same drawbacks were noted as in the usability tests. In addition, it was recommended 
that the system should be modular and able to be utilized in different platforms. It was 
also noticed that the pen-based interface was difficult to use both indoors and outdoors 
and so the pen should be utilized only for selection. This led to the system utilizing 
maps instead of coordinates. With the pen, a user can select the next intended location. 
Additional information and description of the locations could then be made utilizing a 
speech interface. These were tested only with paper prototypes since the changes were 
too great to be implemented within the budget and time available.  
 
During the design and implementation of this prototype, it was realized that the 
electronics are actually small and light enough to be integrated into clothing without 
additional miniaturization. For wearing comfort, no improvements were needed since 
the weight of the electronics did not disturb users at all. The only problem with the first 

 
Figure 22. PPM vest. 
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prototype was that the pockets were full of electronics and could not be used by the 
wearer of the vest. Therefore, in the new prototype the electronics were placed between 
the outerwear material and lining so as not to inconvenience the user. Conventional 
ways of using clothing as well as application-specific UIs are needed. The test UI for 
demanding tasks was a commercial PDA, which is not suitable for field usage and 
should be replaced with a better solution in the final application. Despite the problems 
with the UI switch, it was a positive experience since in summer it worked properly for 
various people, without any need for sensitivity modification. 
 
Three materials tested for the electronics encasings were bright silicone elastomer, black 
polyurethane resin, and polyester resin. Silicone elastomer is a flexible material and 
therefore considered a suitable material for clothing. However, at the sharp edges of the 
PWBs the material broke too easily. Polyurethane was found to be the best material 
tested as it was moisture proof. All the test boards were functional after climate 
chamber testing and water submersion. However, for encasings in prototypes, molding 
is not practical since in a non-functioning situation, the origin of the failure cannot be 
identified. Tests demonstrated that with the use of the proper materials, it is possible to 
seal electronics so that moisture will not reach the PWBs during submersion in water or 
washing with liquid agents. The test boards were also washed in a washing machine. 
However, the mechanical strain during machine washing may be hazardous for sensitive 
electronics. 
 
Perhaps, the major lesson learned during this prototype implementation was that people 
are accustomed to utilize gadget-type devices. Therefore, these kinds of special 
integrated complexes were found to be impractical. People did not necessarily demand 
gadgets but instead thought that modular systems that can be utilized with different 
clothing platforms would be more useful. At present the best solution for this is to use 
one device, which can be hidden inside the pockets of clothes or accessories while 
fishing. Nonetheless, the application proved successful in that it caused no harm to the 
user, the switch UI was also easy to use even while performing other tasks, and the 
system has the appearance of ordinary clothing. The electronics were attached to the 
front of the vest between the lining and outerwear material. It was shown that the 
electronics were small, thin, and light enough to be integrated in this kind of clothing 
without impairing the wearing comfort. Electronics placement was applied from [52]. 
The UI switch was located at the front of the chest for easy access.  

4.1.4 Bioimpedance Suit 
Clothing is thought to be the ideal platform for the physiological measurements. To 
determine the opportunities and usefulness of integrating the physiological 
measurement systems into clothing, a bioimpedance measurement system was designed. 
Bioimpedance was chosen as an application because it is related to the amount of Total 
Body Water (TBW). This, in turn, is related to water balance, which is a critical factor 
in long term sports, where even a small decrease in water balance can weaken 
performance [P6].  
 
The goals of the research were to design and implement a wearable prototype to study 
the integration of physiological monitoring systems into clothing. First, the system 
should be integrated into the clothing as well as possible so that it can also be utilized in 
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physically demanding sports. Second, the reliability and applicability of textile 
electrodes were investigated and third, the suitability of the measurement concept for 
TBW estimation was determined. 
 
Water content estimation in the body can be performed by estimating TBW, which can 
be calculated as 

PR
kTBW =  ,       (2) 

where RP is the parallel resistance in the human body and k is constant [57]. 
 
Naturally, the amount of TBW should decrease after exercising until sweating occurs. 
Water leaves the body as sweating and impedance of the body increases. For the 
bioimpedance measurements, a small current is fed through the body and voltage over 
the body is measured. The relation between the measured voltage and fed current is the 
bioimpedance. The human body can be modeled with five impedance segments as 
shown in Figure 23 [57]. In this research, the hand-to-foot configuration for electrode 
placements were chosen since it covers three segments and therefore models the whole 
body fairly well. The outer electrodes in Figure 23 are for current feeding to the body 
and the inner electrodes are utilized for voltage measurements.  
 
The wearable bioimpedance measurement system is integrated into a sport suit to enable 
testing in actual environments. First, a commercial shell suit was utilized. After the first 
tests two custom suits were also made. Most of the electronics are integrated into the 
back of the jacket of the sport suit between the lining and the outerwear material. The 
UI is placed into the left sleeve of the jacket. In order to perform bioimpedance 
measurements there needs to be a galvanic connection between the electrodes and the 

 
Figure 23. Electrode placement for bioimpedance measurements [P6]. 
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measurement electronics. Therefore, there are measurement wires from the electronics 
to the electrodes inside the jacket and trousers. The connections between the electrodes 
and the measurement wires are made using simple snap fasteners. The bioimpedance 
measurement suit and placements for the electronics are illustrated in Figure 24.  
 
At present the functionality of the system is very simple. The user wears the system and 
turns it ON utilizing the ON/OFF switch. To start recording impedance values, the user 
starts the measurement utilizing push buttons on the sleeve of the jacket. Push buttons 
can be utilized to start and stop the measurements. Data from the impedance 
measurements are saved to the memory of the system and can be transferred to the 
computer for further analysis and TBW calculations. The UI in the measurement suit is 
designed to be as simple as possible. In addition to buttons and switches, there is also a 
vibrating motor, which provides feedback from the system to the user. It informs users 
regularly that the system is working properly. If there are no regular vibrations in the 
suit, the system has a fault. UI components are either selected or sealed to withstand 
machine washing. Detailed information on the electronics of the system can be found in 
[S3].  
 
Textile electrodes were utilized in the suit instead of commercial gel-paste electrodes 
for two reasons. Firstly, textile electrodes were thought to be more clothing-like and, 
therefore, better solutions for clothing applications. Secondly, it was first found that 
commercial electrodes were not suitable for mobile measurements since they were 
originally intended for stationary use [S3]. To compare these electrodes, functionality 
tests were made using commercial electrodes as well as textile electrodes. Those tests 
showed that both electrodes are suitable for bioimpedance measurements for mobile 
users if the commercial electrodes can be securely fastened to the surface of skin [S4]. 
However, commercial electrodes are disposable and more difficult to use than textile 
ones. 
  
To evaluate the functionality of the system, volunteers tested the suit in three different 
types of exercises: walking, fitness biking, and running. Furthermore, reliability of the 
system has also been evaluated in reference measurements performed in a sauna. Test 

Figure 24. Bioimpedance measurement system [P6]. 
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sessions were intended for estimating long-term exercise so that changes in water 
balance in the body could be monitored. 
 
Walking tests showed that TBW values decrease during long walking sessions. Tests 
were also made in which testers drank water while walking. In some of these tests the 
decrease in TBW stopped but in other tests the TBW decreased further. However, the 
decrease in the TBW became slower when drinking. In more physically demanding 
sports (running and fitness biking) the test results were not as obvious as in walking. 
TBW values decreased only little if at all, while in the running tests TBW values 
seemed to increase. Cornish et al. have observed that temperature and sweating affect 
bioimpedance values and this could also explain our results [28]. Therefore, we 
performed a few tests in a sauna to measure temperature under the measurement 
electrode. It was concluded that the increase in temperature could explain the behavior 
of measurements.   
 
Nine individuals each tested the suit several times. Wearing comfort was found to be 
good and the additional electronics caused no discomfort. The UI was found to be very 
easy to use and, in general, the feedback system was found to be very satisfactory. 
However, during exercise, the three minute intervals between vibrations were 
sometimes considered to be too long. Systematic usability tests for the suit were not 
performed since it was more important to evaluate the functionality of the concept itself.  
 
Overall, physiological measurement implementation in a clothing platform was found to 
be challenging. The textile electrodes proved to be reliable and suitable for use in 
clothing. However, electrodes need to be attached firmly to the surface of skin to ensure 
good contact. While moving, bad contacts produce movement artifacts and this 
complicates the recognition of real signals. Textile electrodes can be utilized several 
times, though repeated usage may eventually impair the electrical conductivity of 
electrodes. This research demonstrated that textile electrodes, which are connected to 
the suit with snap fasteners and adjusted to be suitable in length by Velcro tape, were 
easy to use. An electrode utilized in the bioimpedance prototype is illustrated in Figure 
25. Electrodes were also found to be comfortable to wear. However, more tests are 
needed to evaluate different types of electrode so that users can compare their 
experiences using them. 
 
The bioimpedance measurement system was generally found to be useful to monitor 
trend changes in TBW, though absolute TBW values cannot be estimated reliably. 
There are numerous other factors affecting bioimpedance of the body and, in general, 

 
Figure 25. Textile electrode utilized in bioimpedance measurements [P6]. 
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bioimpedance measurements are prone to change according to different body postures. 
Therefore, there is a clear need to perform segmental bioimpedance measurements to 
provide information on impedance changes in the legs, arms, and torso before the 
overall reliability of the system can be evaluated. In this measurement platform, the user 
needs to connect the jacket and trousers together with additional fasteners to provide 
galvanic contacts for the measurement. The electrodes also need to be connected to the 
suit separately in order to achieve good contacts between them and the electronics. This 
is impractical since it impedes the typical usage of clothes. The appearance of the suit is 
like that of ordinary clothing and there are no additional components protruding from 
the clothing. The UI switch and push buttons are marked on the suit in an unobtrusive 
way. Along with user opinions, we can conclude that the integration was successful.  

4.1.5 CityGuide Usability Evaluation 
The increasing number of gadget-type applications means that they must also be user 
friendly. CityGuide is a mobile mapping application providing its users with 
information about different places as well as information on their location on an 
electronic map [P7]. The PPM vest was implemented utilizing distributed architecture 
of the system and its integration into clothing. CityGuide, on the other hand, is a single 
appliance, which can be carried in pockets or bags while not in use. The application is 
intended to be utilized in mobile phones or PDAs.  
 
Acceptance of the CityGuide application is tested with a pilot study and conventional 
usability tests. The platform used in the tests for the application is the Nokia 9210 
communicator [214]. The application introduced the major sights and services of 
Tampere. Users of the application were able to search the categorized services or sights 
by using Search Target or Address functions. The services found appeared on the map 
as a colored spot. In these tests it was not possible to employ user positioning. Though 
the necessary software options for this were available, no commercial hardware 

 
Figure 26. Start window of CityGuide application [P7]. 
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accessories existed at the time. It was also possible to get additional information on 
some of the targets, such as opening hours and the addresses of web sites. The start 
window of CityGuide application is shown in Figure 26. The four buttons on the right 
of the display are used as shortcut keys and their functionality depends on the mode of 
the application. The application can also be utilized with the general menu key of the 
device. 
 
The application was tested in a pilot study for a month by 26 tourism workers. Each 
worker was sent an email questionnaire to chart their opinions. Of the 26, 18 responded 
to the questions. A conventional usability study can be divided to three parts. Firstly, the 
test persons complete a questionnaire dealing with their background information. Next, 
they perform prearranged test assignments in the laboratory and finally, they complete a 
questionnaire concerning their own opinions about the application. The test group had 
different backgrounds to the pilot group and this provided two different perspectives for 
evaluating the application.  
 
The test assignments for the ten persons participating in tests are presented in Table 2. 
The assignments were intended to test the basic usage of the system. In addition, it was 
noted in the preliminary tests that menu usage was difficult and therefore it was tested 
twice to ascertain if it can be learned during testing. On the basis of our own tests, it was 
estimated that test performance should take about thirty minutes.  
 
Analysis of the tests started with lettering the video that was recorded during 
performance of the tests. Then problems and comments from the video were collected 
and categorized. Next, questionnaires completed by ten test persons were analyzed 
before the pilot group. Finally, the results obtained from these two groups were 
compared.  
 
From the performance times calculated for each test assignments, it was observed that 
every test person encountered problems with one or more of the test assignments. 
However, the basic functioning was found to be straightforward. By taking the phone in 
the hand and starting the software, it was easy to search for targets or addresses. This 
application has both hardware and software parts, which affect the usability of the 

Table 2. Test assignments for usability evaluations. 

 Test assignments
1. Start  the CityGuide application
2. Menu usage:

a) Set all OTHER targets viewable
b) Test functions: move to the left and to the right
c) Search infromation from the Pyynikki 
    observation tower by using the Info tool

3. Search Sokos Hotel Ilves
4. Search Itsenäisyydenkatu 5
5. Search the web site address of the Hakametsä 

indoor ice-skating rink
6. Test functions: bring closer and farther away
7. Close the application  
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system. These, however, were not separated in this research since, for actual users, this 
information is unnecessary. Another reason for this was that the system was not 
implemented in our institute and so giving reasons for the problems would have 
involved more guesswork than information.  
 
In this particular application there was a significant advantage if the phone was already 
familiar to the user. In the second and fifth test assignments, in which users’ need to use 
layers indicating different services or sights in Tampere, users select the menu button of 
the device. In earlier versions of the phone there was no such button and for new users 
its function was unclear. It appears, then, that the UI function is not very intuitive since 
without instructions it is difficult to employ the functions apart from zooming and basic 
searching. Therefore, the choice of test method could have been different. In this kind of 
application it is natural to first try out the system and learn to use it. However, due to the 
schedule and the amount of available hardware and software other approaches were not 
possible.  

 
Compatibility problems with the hardware and software tools made the application very 
slow to start up. Some of the test persons found this irritating and with resultant 
negative feelings throughout the testing procedure. Therefore, a better solution might 
have been to start the application for the users, since there were no errors found in that 
assignment and starting the application was found to be intuitive. In addition, it was not 
possible to use the phone for any other purpose when using the application. These were 
not fatal problems but they significantly complicated the usage. Questionnaires given to 
test persons revealed similar notices that were observed during the testing. Users also 
found the lack of feedback confusing. When the application was slow, the users were 
inclined to press the buttons several times before anything happened.  
 
In the pilot study group, users tested the application by themselves. This is actually an 
idea that was thought to work well in the test group. However, the pilot group were 
from very different backgrounds and not necessarily familiar with new technology. In 
this case a short learning session would have been beneficial but this pilot group study 
was not actually administered by testers. Therefore, we considered any feedback from 
the group to be a bonus. The fatal problem in the pilot group was crashing of the 
application, which necessitated removal of the battery to reboot the system. Some 
members of the pilot study found this so tiresome that they gave up using the 
application altogether.  
 
Despite the drawbacks of the system, both groups also noted advantages. The test group 
thought that the concept of the application was very good. The pilot group had more 
reservations and this was attributed to their backgrounds. It may have been that the test 
group thought that the application represented new things to do and experience. The 
pilot group regarded the application’s usefulness and usability in actual situations and 
compared its use to the map usage. However, with the added positioning option together 
with a traditional map, this application was considered useful by both tests groups. It 
was also found to be positive for the image of Tampere. The system was easy to learn, 
provided the user read the instructions. It was not possible to estimate the memorability 
of the system. Efficiency proved to be rather poor because of the slow operation of the 
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system in certain functions. In error situations, the system provided no guidance for the 
user, though this was only observed in the pilot study group. 

4.2 Enabling Technologies 

Technologies needed in smart clothing implementations are actually technologies that 
can make the applications more clothing-like. It will, therefore, be worth considering 
ECF usage in more detail. Generally, ECF materials in clothing can be utilized for data 
and power transfer as well as for UI devices and sensing elements [P9, 157, 222]. 
 
 

4.2.1 ECF Usage in Clothing for Cable Replacements 
For data and power transfer, ECF materials are commonly utilized as yarns so that one 
yarn can replace a core of an ordinary cable. Bare ECF yarns are also electrically 
conductive on their surface, which may limit their usage in wire channels in clothing to 
avoid unwanted short circuits. On the other hand, different types of sealants on the 
surfaces of yarns can make the yarn more inflexible. Therefore, the benefit of ECF 
utilization may be lost. Typically ECF yarns are formed utilizing thin metal wires such 
as stainless steel or by plating a suitable core material with electrically conductive 
materials [15]. Examples of the latter are metal clad aramid fiber yarns, silver coated 
polyester or polyamide yarns, and polyaniline coated polyethylene terephtalate fiber 
yarns [39, 46, 89]. Metal based yarns can be soldered when utilized but for plastic-based 
fibers electrically conductive adhesives need to be utilized.  
 
Marculescu et al. have investigated the characteristics of copper coated polyester yarns 
for signal transmission [123]. These yarns were coated with polyesterimide for 
insulation. They found that yarns can be utilized reliably for digital data transmission at 
100 MHz and it is possible to optimize fabrics and signal line configurations. Therefore, 
ECF materials can be utilized for signal transmission lines in addition to power transfer 
and EMI shielding. 
  
In the present research metal clad aramid fiber yarns have been used to replace plastic 
insulated cables for power and data transfer in internal communication. They have been 
utilized particularly in lightweight underclothes, in which wearing comfort may be 
radically impaired by utilizing thick and inflexible cables. In the sensor shirt, ECF is 
utilized to connect one-wire temperature sensors together [P4]. The most challenging 
tasks have been the implementation of reliable joints between the fiber yarn and 
temperature sensors as well as between the yarn and the PWB [P4]. The same problem 
was also encountered in [123].  
 
In the configurations here, ECF yarns have been utilized as additions to ordinary textile 
materials. However, a more sophisticated solution is to weave the ECF yarn directly 
into fabric material [123, 157]. In this way, buses for data and power transfer can be 
integrated comfortably into textile structures. The electronics components can then be 
attached at suitable locations utilizing press fasteners or other types of fastener. For 
designers these integrated solutions are more demanding than ECF utilization in 
separate yarns. This is because it must be known at the outset of the weaving process 
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where the wires should be in the textile material as well as other information such as 
how many wires run in parallel. In addition, the pins of the components are in a certain 
order and it is important to know where the data wires needed in the connection are 
joined. To overcome this problem, a configurable pin arrangement for components can 
be utilized [111]. In this prototype design, the signal pins of components can be 
configured after placement in the clothing. Therefore, it can be determined which pins 
in different components are connected to each other and functionality can be adjusted 
accordingly.     

4.2.2 Connections with ECF 
A problem with ECF material connections was identified at interfaces between the yarn 
and electronics. As a result, electrically conductive adhesives were utilized to make the 
actual connection point softer. When connecting ECF yarns to temperature sensors 
employed in heating prototype 2, heat-shrinkable tubes were utilized between 
component pins to avoid short circuits [P4]. It was later noticed that the interfaces 
between the yarn and hard materials such as PWBs or heat-shrinkable tubes also broke 
easily. Therefore, ways of forming reliable connections need to be developed before 
ECF can be utilized as a cable replacement. 
 
Research utilizing silver clad aramid fiber yarns and stainless steel yarns was carried out 
to determine if reliable connections can be made utilizing proper materials and 
connection mechanisms [P9]. Solder and electrically conductive adhesives were used as 
joining materials. To test the reliability of these connections, we carried out accelerated 
environmental reliability tests and a tensile strength test to measure the strength over the 
connection. Accelerated environmental tests are used to speed up the functions of 
damage mechanisms in connections. The most likely environmental hazards to damage 
connections are temperature and humidity [228]. Both of these parameters were 
included in our testing. There were ten examples of the same connection types in a 
sample board to ensure reliability of the results. The sample board is shown in Figure 
27. The samples are placed in a climate chamber for testing and the voltage over each 
joint is measured continuously. An increase in the voltage indicates higher resistance 
over the joint and eventually breakage.  
 
The first test carried out was the humidity and temperature cycling test according to 
standard MIL-STD-202F. On completion of this test all the connections were 
functional. However, voltages over the stainless steel yarn connections changed more 
clearly according to temperature than voltages over the silver clad aramid fiber joints 
and voltages over adhesive joints were greater than the voltages over solder joints for 

Chamber’s channel

Chamber’s channel

Joint

 

Figure 27. Joint sample board [P9]. 
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both types of yarns.   
 
The second test was a thermal shock test according to Jedec-104A standard. In this test 
the rate of temperature change was greater than in the first test and therefore was 
considered to be more demanding on the joints. Though all the connections were still 
functional at the end of these tests, the silver clad aramid fiber yarn connections fared 
much better than the stainless steel yarn joints. This is a consequence of the lack of 
experience making the connections with the stainless steel yarn and its greater 
resistivity. As a result silver clad aramid fiber yarn connections are thought to be more 
reliable for long-term usage. In general, however, the solder joints were better than the 
adhesive joints. This was expected since the glass transition temperatures of the 
materials were below or the same as the highest temperature in the tests. They do not, 
therefore, withstand such high temperatures and adhesives start to detach from the 
connection spot. 
 
Tensile strength tests determine the mechanical strain durability of joints. The stainless 
steel yarns were unsuitable for testing and so only silver clad fiber yarns were utilized. 
Ten samples having the same joining materials were tested and the results are shown in 
Table 3. Both surface-mount and through-hole connections, as well as solder and two 
types of adhesive were tested. In the table the averages and standard deviations of 
breaking strengths have been calculated. The best breaking strength was achieved using 
Loctite adhesive. 
 
The results show that the solder joints survive better in the accelerated environmental 
tests whereas the adhesive joints have more strength. Since all the connections were still 
functional even after the second environment tests, it was not possible to identify the 
actual breaking mechanisms of ECF yarn joints. However, these results show it is 
possible to achieve reliable connections. As is often the case in wearable electronics 
research, conventional methods are not suitable. This is mostly due to the application 
environment, which is more demanding than that for typical electronics devices. This 

Table 3. Tensile strength test results. 

Joining materials Avg/ N Sd 
Through hole, SnPb solder 43,34 3,26
Through hole, SnPb solder, silicone 40,83 6,09
Surface mount, SnPb solder 32,19 13,03
Surface mount, SnPb solder, silicone 41,58 10,64
Through hole,  thicker FR4 44,49 6,04
Through hole, smaller drill hole 41,74 5,21
Through hole, Loctite adhesive 56,34 1,4 
Through hole, EMS adhesive 42,74 4,87
FR4 horizontally, through hole, SnPb
solder 30,46 7,78
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was also the case with these reliability tests and therefore new test methods need to be 
developed. In these tests, there is also a need to investigate other properties such as ECF 
yarn movement and abrasion against other hard materials. 

4.2.3 Connection Mechanisms 
Various connection mechanisms are associated with wired communication methods. In 
clothing, these mechanisms need to have clothing-like properties. Therefore, one 
solution is to utilize suspenders, press fasteners, and buttons as connectors to connect 
different pieces of clothing galvanically, sensors to clothing, and small electronics 
components to clothing platform [P6, P10]. Another approach is to utilize suspenders as 
a harness for the clothing accessories, namely electronics modules [55]. Press fasteners 
having needle fracture stringers are easy to connect and disconnect to the power bus 
provided by the suspender. 
 
In smart clothing applications connectors are problematic due to their large size and the 
fact that connectors impair usage of the clothing. Since clothing has its own possibilities 
for connectors, the principle of combining a component encasing and a connector was 
investigated and developed [S8, P10]. The basic idea is to utilize a button or button-like 
shape as a molded encasing over an electronics component or an assembly. This button 
structure is then sewn onto the clothing utilizing ECF and a traditional needle. When 
electrically conductive areas on the clothing and ECF yarns come into contact with each 
other, a galvanic connection is formed between the component and the clothing. The 
structure of the button component encasing is illustrated in Figure 28. First, the 
component is soldered onto electrically conductive sleeves and then the encasing is 
molded over it. This implementation has been verified with a one-wire temperature 
sensor inside the component encasing. The identification number of this sensor was 
requested from the button component, which verified the connection between the sensor 
and ECF in the clothing. However, the long-term durability and reliability of the 
concept need further study. 
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A more sophisticated solution is to design an electronics circuit inside the button 
encasing as shown in Figure 29. In this structure ECF yarn is sewn over electrically 
conductive pins, also shown in Figure 29. The advantage here is that there are more 
connections available to the outside world. In the typical button only two connections 
exist, whereas in this solution there are four separate connections. The reliability of this 
system still needs to be demonstrated because of problems encountered when ECF yarns 
are in contact with hard objects. 
 
The same idea is also examined in [104]. Linz et al. utilize flexible PWB as a platform 
for electronics assembly. Drilled holes for the connections are located at the edges of 
the boards. Wires are embroidered into the textiles and the assembly board is sewn into 
a suitable location. Finally, protection encasing is molded over the assembly. Their 
results show that the technique is functional. Multiple sewing with ECF yarns improves 
the connection and reduces contact resistance. These results are promising and indicate 
that research for these connection techniques is on the right track.  

Button 
encasing

Button hole 
(electrically 
conductive sleeves)

Electronics 
components

Component pin  
Figure 28. Button component encasing concept [P10]. 
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Figure 29. Electronics circuit assembly for button component encasing [P10]. 
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4.2.4 ECF Usage in Sensing Elements 
ECF yarns are utilized for electrodes in various clothing applications [209, 222, 223]. 
Typical commercial electrodes utilized, such as those for ECG measurements, are 
disposable, need conductive material between skin and the electrode, and not intended 
for mobile use. The advantages of textile electrodes are that they can be utilized several 
times, they fit naturally into the clothing structure, they do not need additional 
conductors between skin and electrodes, and they can be integrated directly into the 
clothes. This makes them easier to utilize than commercial gel-paste electrodes.  
 
Wearable electronics users are mostly unfamiliar with measurement systems. 
Increasingly, electrodes will be applied to a wide variety of situations and also in daily 
life to continuously measure human physiological data signals. It is therefore important 
that electrodes are easy to use, robust, reliable, comfortable, and integrate unobtrusively 
into the clothing structure [90].  
 
These kinds of textile electrodes are prone to motion artifacts which result when 
electrodes move with respect to each other. We, therefore, used elastic bands as bases 
for electrodes [S4]. The bands can be adjusted according to different body size, 
allowing the electrodes to fit tightly on the skin, thereby, minimizing motion artifacts. 
Electrodes are also integrated directly into clothing [209]. In this case the clothes need 
to be tight-fitting to allow skin contact.   
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5 Summary of Publications 

This Thesis consists of eleven publications based on the author’s work between 1998 
and 2005. The work concentrates on wearable electronics design, especially the 
evaluation of smart clothing prototypes in several applications. Since the clothes are in 
close proximity to the user, the work also considers usability and user acceptance issues. 
In this chapter, there is a summary of each publication and an explanation of the 
author’s contribution. Publications [P1] – [P11] have not been used elsewhere as a part 
of a doctoral thesis.  
 
The publications can be divided into two categories. First, publications [P1] – [P7] deal 
with wearable electronics prototypes, whose applicability with the developed 
applications is evaluated. Second, publications [P8] – [P11] focus on technologies 
needed for wearable electronics and for their integration into clothing. Since smart 
clothing design often creates the need for intelligence distribution to several locations in 
clothing, these publications deal with communication-related technologies.  
 
Publication [P1] describes the complete smart clothing prototype implementation for 
arctic environment applications. According to the authors’ knowledge, this was the first 
complete large-scale smart clothing prototype to be designed and implemented. The 
design procedure begins with the specification of the target user group and its needs. 
Together with technological constraints, this creates the framework that has to be 
solved. The developed and applied technologies are integrated to form clothing that has 
augmented functionality.  
 
The author designed and implemented the system together with the project group. This 
publication deals with the electronics design and implementation, which was carried out 
by the author and Mikko Tasanen, MSc. The author designed the sensor and 
measurement system and participated in communication, positioning, and power source 
design and implementation. Jussi Impiö, MA designed the user interface concept and 
Mr. Mikko Malmivaara designed the clothing. Tapio Karinsalo, MSc, implemented the 
software for the system. Akseli Reho, MSc was project leader. The author wrote the 
publication together with Mikko Malmivaara, Mikko Tasanen, and Professor Jukka 
Vanhala. 
 
Publication [P2] presents the sensor system and the decision logic implementation of 
the arctic environment smart clothing prototype. The author designed the sensor system 
for the application. Akseli Reho led the project and Tapio Karinsalo implemented the 
software for the measurement system. Mikko Tasanen designed the electronics for the 
user interface and central processing unit of the system. The author wrote the 
publication together with Professor Jukka Vanhala.  
 
Publication [P3] introduces the electrically heated clothing prototype. The main goal of 
the design was to improve the functionality of ordinary clothing by an additional 
heating option. Architecture for the prototype is described in terms of its functionality 
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and its suitability for the intended purposes. User tests were performed with this 
prototype.  
 
The author designed the concept for the heating prototype and developed the system 
together with the project group. The author designed and carried out the tests, and 
analyzed the test results of the user tests together with Outi Ryynänen, MSc. Kari 
Kukkonen, MSc implemented the hardware for the prototype and Timo Vuorela, MSc 
made software for the user interface. Arto Siili, MSc took part into the design of the 
system. The author supervised the project design. The author wrote the publication and 
Outi Ryynänen wrote the section on heat loss and heating power. Professor Jukka 
Vanhala reviewed the writing style. 
 
Publication [P4] is the continuation of publication [P3]. Here a new prototype is 
designed according to the test results and user opinions of the first electrically heated 
clothing prototype. The author designed the new system with the assistance of the 
project group. Timo Vuorela implemented the sensor shirt for this second prototype. 
Kari Kukkonen, Arto Siili, and Outi Ryynänen made valuable suggestions for the 
system design. The author supervised the project design. The author wrote the 
publication and Professor Jukka Vanhala reviewed the writing style of the text. 
 
Publication [P5], describes a wearable clothing prototype for determining the user’s 
location. The author designed the prototype concept together with the project group. 
The author evaluated the prototype’s functionality and tested the applicability of the 
user-centered design methods for wearable electronics design. Mr. Tero Alho 
implemented the system and carried out the preliminary tests for the functionality 
evaluation. Kari Kukkonen took part in the concept design. Timo Vuorela specified the 
communication between the user interface and the system. Prof. Jukka Vanhala 
provided advice for the wearability design of the system. The author supervised the 
project design and wrote the publication. 
 
In publication [P6], a wearable bioimpedance measurement system for total body water 
estimation is presented. The author designed the prototype concept together with the 
project group. The author also designed the testing procedure and analyzed the results 
together with Timo Vuorela. The author supervised the project design. The author wrote 
the publication and Timo Vuorela assisted with the hardware implementation part. 
Professor Jukka Vanhala reviewed the writing style of the manuscript. 
 
Publication [P7] evaluates the functionality of the wearable information manager 
application. This application represents a more familiar type of wearable system, since 
the platform is a mobile phone. The author designed the usability evaluation tests and 
analyzed the results. Erja Jokinen, Lic.Tech. took part in the evaluation of the results 
and performed the tests together with the author. Jari Reini, MSc gave technical details 
on the application and valuable advice on the text. Professor Jukka Vanhala supervised 
the project. The author wrote the publication.  
 
Publication [P8] evaluates suitable communication technologies for wearable 
applications. The publication introduces a smart clothing concept model, which can be 
utilized as one of the guidelines when placing components in clothes. Furthermore, the 
publication presents the needs for communication and a communication model that can 



Summary of Publications 

66 

be utilized in selecting data transfer methods for smart clothes. Potential technologies 
are proposed and the communication utilized in smart clothing prototypes described in 
publications [P1-P6] is evaluated according to the proposed models. The author 
designed the clothing model and the communication model for smart clothing usage and 
evaluated the performance of the prototypes. Dr. Marko Hännikäinen provided technical 
information on wireless communication and reviewed the writing style of the text. The 
author wrote the publication. 
 
Publication [P9] evaluates the usability of electrically conductive fibers in smart 
clothing applications. Three types of electrically conductive fibers are introduced and 
their applicability to cable replacement and as sensor elements is proposed. The 
publication concentrates on connection mechanism reliability. The author wrote the 
publication and evaluated the applicability of electrically conductive fibers to smart 
clothing applications. Tiina Järvinen, MSc implemented the reliability tests and 
performed the preliminary analysis of the results. Timo Vuorela reviewed the writing 
style of the manuscript. Mrs. Katja Vähäkuopus partially implemented the sensors 
described in the publication. The author supervised the work of Tiina Järvinen. 
Professor Jukka Vanhala reviewed the writing style. 
 
Publication [P10] introduces a novel system for electronics component encasings for 
wearable electronics systems in clothing and for galvanic connections between the 
electronics and clothing. The author designed the concept together with Mr. Jussi 
Mikkonen. A national patent has also been granted for the system in Finland. The author 
wrote the publication. Professor Jukka Vanhala reviewed the writing style. 
 
Publication [P11] studies Bluetooth antenna design on flexible substrates. The 
proposed use is to implement these clothing-like antennas in clothing. Dr. Pekka 
Salonen designed and implemented the tested antenna and wrote the most of the 
manuscript. The author wrote the sections dealing with smart clothing and the proposed 
application. The author also performed the tests together with Pekka Salonen and 
participated in the design of the antenna placement on the test platform.     
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6 Conclusions 

Smart clothing prototypes and wearable electronics systems are introduced with the 
focus on their design, requirements, and user acceptance. Eleven publications in this 
thesis describe the prototypes and their performance as well as data transfer methods 
and ECF usage. 
 
First, the most important concepts utilized in the wearable electronics field are 
presented. The definition of smart clothing of this thesis was specified during the 
Cyberia project. Furthermore, the survey of wearable applications examined the kind of 
applications that can be implemented utilizing clothing or its accessory-based platforms. 
Second, smart clothing design process is introduced with the emphasis strongly on user 
needs. Smart clothing design requirements according to usage environment, electronics, 
and clothing are discussed as well as issues related to usability and acceptance of the 
systems. In smart clothing design, the user plays as important role as technological 
aspects and, therefore, clothing-like elements need to be utilized as often as possible to 
achieve wearing comfort. The smart clothing concept model introduced is a practical 
tool for use in designing the placements of components between the different clothing 
layers. Potential subcomponents of clothing applications were also examined. This 
research showed clearly that smart clothing systems need different subcomponents to 
those used in traditional wearable computer applications.  
 
The main outcome of the Cyberia project was the implemented and fully functional 
smart clothing prototype. According to the author’s knowledge, this was the first of its 
kind in the world. The clothing platform and users’ needs were also considered in this 
project. Accordingly, the project also presented information on the smart clothing 
implementation phases, namely the design flow and the importance of interdisciplinary. 
The functional prototype with the appearance of ordinary clothing, demonstrated that 
these systems can indeed be designed and implemented. The new technologies utilized 
in the design were application-specific solutions to a variety of problems. These 
included a specific UI, ECF usage in sensing elements, component concealment in the 
clothing structure, non-electronic functions, and electronics designed to be small, 
lightweight, and robust enough to permit their use even in extreme winter conditions.   
 
Those involved in the project believe this is a field of research with major importance 
for the future. However, the Cyberia concept was on such a large scale that the cost of 
the commercial product would have been too high for consumers. Therefore, 
applications are needed that have fewer functions and are simple to implement. 
 
To improve the basic functionality of clothing, two electrically heated smart clothing 
prototypes are designed and implemented. In the prototypes, the heated fabric is utilized 
as the heat source. This is a different approach to the ones typically adopted. More 
commonly electric heating is implemented by means of resistive wires or other heating 
methods such as chemical heating. The implementation of the system was the main goal 
for studying the functionality of the concept and its user acceptance.  
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The design of the electronics was especially demanding since electrical heating needs 
energy yet consumption has to be minimized in mobile applications. In addition, the 
implementation of the system was challenging in that it was important to ensure the 
warmth and comfort of the user. The first prototype demonstrated that the concept could 
be implemented. User tests were conducted to evaluate functionality in practice, as well 
as user acceptance of the application. The results reflected some criticism of the 
appearance of the systems along with unfilled high expectations of users. This led to the 
design of another prototype. This second prototype has the appearance of ordinary 
clothing and is also comfortable to wear. The main result of the research was that the 
system cannot provide as much heat as users would like. In addition, heavy power 
sources are not easily portable and render their implementation impractical. Test users 
were fairly critical of the heating power. However, according to temperature 
measurements, the system is able to prevent a decrease in temperature, thus providing a 
partial solution to the problem of maintaining the thermal comfort condition. 
 
Positioning is needed in several wearable electronics applications. As a result, its 
usefulness for integrating the distributed architecture into clothing was also studied. 
There are commercial solutions available that utilize the same methods in a different 
package. Since the user plays such an essential role in smart clothing design, the scope 
for employing user centered design methods was also evaluated. The functional 
prototype demonstrates that it is possible to construct a positioning system. User 
centered design methods are somewhat cumbersome for this size of project. However, 
user evaluations provided important data concerning the design of the system. The 
specified UI switch was found to be easy to use also in the actual usage conditions. 
However, additional PDA UI was found to be too difficult to use. Since people are used 
to carrying gadget-type devices, they prefer systems than can be utilized with different 
platforms and are not fixed to any particular item of clothing. The electronics proved 
small enough to be hidden in the outerwear clothing without the need for 
miniaturization and did not compromise wearing comfort.  
 
User measurements have been one of the most important application areas suggested for 
these personal applications. For achieving user comfort, clothing-like sensing elements 
are studied in the bioimpedance measurement system. The electronics for the system are 
small enough for the prototype, though miniaturization is needed in commercial 
products. Textile electrodes are functional and can be utilized with the clothing 
applications. However, their usage still needs additional phases in dressing. The concept 
of TBW estimation was found only to be indicative and other parallel measurements are 
needed because the method chosen is difficult to implement when people are moving.  
 
Usability and user acceptance has been found to be especially important for wearable 
electronics and smart clothing applications. Therefore, user acceptance is investigated to 
ascertain the advantages gadget-type information devices can provide the user. The 
results actually showed that it is very important to perform the evaluations under 
authentic conditions since the environment plays an important role in mobile 
applications. People unfamiliar with new technological advances are reluctant to accept 
these new devices as a working partner even if there are only minor problems with 
usage. These tests showed that it is vital to take usability into consideration. Minor 
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details can undermine the entire experiment for using the system and very negatively 
affect the choice of using the system again. 
 
Key elements in achieving really usable smart clothing applications were clothing-like 
solutions. Examples of such technology are ECF for power and data transfer as well as 
for sensing elements, connection mechanisms suitable for clothing, and data transfer 
methods chosen according to the communication model. ECF can be utilized for 
clothing but further research is needed to achieve reliable connections. The results of the 
tests here indicate that reliable connections are possible but their usage in clothing is so 
demanding that new test methods are needed to assure their reliability. In sensing 
elements, ECF provides clothing-like and long-term solutions that are comfortable in 
use and do not need additional conductors between electrode and skin. 
 
ECF is a natural solution for internal data transfer in an item of clothing because it 
provides a flexible and reliable data transfer medium. In addition, with button 
component encasing, the electronics can be concealed inside a traditional clothing 
element and items of clothing can be connected with buttons. The concept of the button 
is functional and promising since ordinary textile techniques are suitable for the 
construction of systems. Wireless data transfer is needed in personal space and external 
communication. Essential parts of wireless systems include antennas, which are often 
rigid and cause discomfort to the user. It was proved that flexible PWB materials can be 
utilized in antenna design and they are found to be suitable for use in clothing. The 
scope for utilizing ECF materials for antennas needs to be verified in further studies. 
 
The prototypes presented in this thesis demonstrate that the construction of smart 
clothing systems is feasible and clothing can be used as a platform for electronics. 
Users’ needs should guide the design, and end users should be harnessed for the 
development processes. For smart clothing to achieve widespread acceptance, 
appearance will play a crucial role in addition to suitable clothing-like technologies and 
wearing comfort. 
 
At the start of this work our institute was one of the first research groups to focus on 
wearability and clothing platform and clothing-like material usage. At present there are 
several other research institutes in Europe also working on clothing platforms, 
concentrating particularly on human physiology measurements. The current trend for 
commercial applications is the adoption of several gadget-type devices. Current 
research activity and success in the implementation of clothing-like applications 
strongly suggest that clothing platform usage in wearable applications will determine 
the future of the field of smart clothing.           
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