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Yoga is an ancient Eastern practice that is rapidly making its way into modern societies. People start yoga for reasons such as
improving physical health, relaxation/stress relief, mindfulness, and body awareness. The overall purpose of yoga is to connect
body and mind, and it does so by having the practitioners move through sequences of body postures that are guided by their
own breath. Especially the varieties of yoga called ‘Ashtanga,’ and ‘Vinyasa’ or ‘Power Yoga’ are a vigorous physical exercise.
An important part of yoga is to move in synchrony with the body and the breath, so over time the practitioner’s consciousness
becomes fully united with his practice, without any distractions and goals in mind. This corresponds to a state of flow as
described by psychologist Mihalyi Csikszentmihalyi (1997) as a peak experience that can improve people’s quality of life.
Developing an interactive garment for yoga is interesting for various reasons. It can be physically unobtrusive, even adding to
the comfort of the practitioner. Plus by intrinsically having the human body available as a canvas for feedback signals, the
technology can continuously and implicitly guide practitioners by giving rich signals that fit the dynamics inherent in embodied
interaction, without needing conscious input.
A drawback of yoga is that it is often quite a step for people to start practicing it. People may feel uncomfortable to ‘expose’
their body within a group that way or to enter an intimate and calm atmosphere with other people. They may feel intimidated
by the ability of other practitioners, the complexity of the practice, or they may resist certain social associations, such as yoga
being for women and hippies.
Therefore, many people start small and begin their yoga practice through interactive technology such as Microsoft Kinect’s Your
Shape, iPad apps, online video classes, or Nintendo’s WiiFit Yoga. This project seeks to enrich such systems through wearable
sensors and actuators. This way, the beginning yoga practitioner can be personally guided towards a meditative state of flow
through direct feedback.
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The first prototype of the Flowtime system was created during Ralph Zoontjens’ master graduation project at the faculty of
Industrial Design at the Eindhoven University of Technology. This prototype consists of a short sleeved vest that incorporates
bend sensors at the shoulder joints, together with a detachable belt that contains a respiration sensor, vibration motors, and a
unit that does the computation and communication to a central computer. During yoga practice, the vest gives vibration
feedback on the lower back, visual feedback on a display, and auditory feedback, in order to help the practitioner synchronize
his movements and breath.
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Product description
The vest is designed to minimize pressure on the skin as well as rough textures, support quick wicking and evaporation of
moisture, fit the body well and allow for freedom of movement. To make the garment as unobtrusive as possible, it is bodyskimming rather than body-hugging. Also, it is easy to put on and off because it is a vest that can be closed with one popper,
not needing to be pulled over the head. The belt is clicked into the garment with 4 poppers, and fastened tight with Velcro. The
vest has short sleeves because this feels cooler during yoga practice while still allowing to measure movement in the arms. Yoga
practitioners usually wear short sleeved shirts or sleeveless tank tops.
The main fabric used for the garment is Toray Fieldsensor R. is a stretchy moisture wicking and quick drying fabric, composed of
coarse yarns on the skin surface, and a mesh on the outer surface. This is made of recycled polyester yarns, adding to the ecofriendliness of the product. The base fabric of the belt is also supplied by Toray, and made of a non-stretchy fiber along the
warp of the fabric, and a stretchy yarn called ‘Primeflex’ in the weft direction. This fabric feels exceptionally light, soft and
comfortable, and maintains shape without wrinkling. To amplify the soft and comfortable feeling of the garment, I added
elements made of a 3D spacer fabric, such as the collar of the vest and the inside of the belt.
The configuration of the belt is such that it can be tightened around a variety of chest sizes. A limitation for the belt design was
that because the breath sensor is stretchable, the connections to the motors and movement sensors need to go the other way
around. This places the breath sensor on one side of the electronics enclosure, and the other components on the other side. On
the other side of the breath sensor then, is the piece to fasten the belt with velcro.
The breath sensor is the only material that gives stretch to the belt in horizontal direction, so all stretch will be concentrated in
the sensor, thus optimizing its accuracy. The sensor is made of a conductive fabric called EeonTex, type LG4720-SL-PA-10E4,
supplied by Eeonyx. It is made of Lycra/nylon coated with the conductive polymer Polypyrrole, and has a resistivity of 10k
Ohm/sq. Its range is 80 kOhm in a relaxed state to 20 kOhm on full stretch. (The contact person of Eeonyx is Art Henn, PhD.,
arhenn@marktek-inc.com, Marktek Inc., phone 314-878-9190) The backing of the sensor is a spacer, so the conductive
material does not touch the skin directly, plus it makes the sensor more durable. It is an important requirement for a breath
sensor that either its resistance does not change when it comes in contact with perspiration, or is specifically designed to not
come in contact with perspiration at all.
I invented an alternative breath sensor by zigzag stitching conductive thread into a thick elastic band, but although accurate and
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fairly linear, its resistivity range and durability are lower, and it takes more time to manufacture than the EeonTex based
sensor, so I decided not to employ it. I tried out Polypyrrole coated conductive foam as well, but however comfortable to wear,
this material appeared to have too much inherent non-linearity and hysteresis effects. The latter means that the resistance of
the sensor is influenced not just by the amount it is stretched, but also by the dynamics of stretching that preceded the current
stretch, i.e. it is a path-dependent system. A main advantage of this foam would be its usability in a loose fitting garment,
because when the fabric bends, the 3D structure of the foam would generate compressive forces so the amount of bend can be
measured. As Lucy Dunne (2007) indicates though, the sensor is not very usable as a gradual sensor, but mostly finds its
application in its use as a switch.
For the movement sensors, I chose to use fabric bend sensors worn underneath the armpits. These are made of a layer of
EeonTex LG4720-SL-PA-10E4 which is sandwiched in between two thin layers of rubber foam. Looped through these layers in a
zigzag fashion is conductive yarn, so that when the layers of foam are pressed together, the wires can make contact through
the central EeonTex layer. Thus, when this sensor is pressed upon or bent, its resistance changes. The construction of this
sensor is based upon the sensor design developed by Plusea, although instead of EeonTex they use a conductive rubber foil
called Velostat, and instead of rubber foam they use neoprene with Jersey bonded to it. Instead of conductive yarn I also tried
to use the highly conductive ‘Zelt’ fabric supplied by LessEMF. However simplifying the construction and making the sensor
thinner, it drastically lowers the resistance and reduces the output range. A high resistance is desired because a voltage divider
is used to precondition the signal for the microcontroller, and with high value resistors these draw less current.
Accelerometers are an alternative method to measure movement. A great advantage is that they do not necessarily require a
skin tight garment, whereas with the other methods at least some closeness to the skin is necessary. I did not use
accelerometers for the main reason that they are made of rigid components, and I wanted to stick as much as possible to the
design approach of exploring the potential of purely soft technology. Also, to derive the speed of movement, the acceleration
would need to be integrated, which adds some computational challenges.
For actuation, I chose to use coin-type, or ‘pancake’, vibration motors. These are thin, work well, are widely and cheaply
available, and have been successfully integrated into garments in several other projects. Pager motors are another type of
vibration motor, widely implemented in mobile phones. These consist of a cylindrical part with an eccentric rotating weight on
top of it. They are a bit stronger than pancake motors but also larger in size and thus less comfortable to wear when laying on
top of them. They also require a rigid protective shell as pager motors have a visible moving part. An ideal alternative would be
to use the C1 Tactor from www.tactors.com. These give a perfect point-like sensation on the skin although with 250 USD a
piece are too expensive to integrate. Another approach is to use shape memory alloy or Nitinol wire, which expands and
contracts according to the voltage applied on it. Liane Wester (2008) has implemented this in her garment for yoga feedback.
Significant disadvantages of Nitinol though are that it generates heat, is difficult to integrate into textile, and has a limited
actuation range. Furthermore, purely soft actuation technologies such as those based on carbon nanotubes and inkjet printed
hydrogels are too new innovations that are still in development, and not widely available for application yet.
Flowtime implements the vibration motors supplied by Budgetronics. These have a diameter of 12mm and a thickness of 2.7
mm and with that is one of the thinnest motors I was able to find. It further has a good strength, a relatively low power drain of
50 mA, and a speed of 14.000 rpm. This speed translates to a vibration of 233Hz and with that comes close to the ideal
frequency of 250 Hz to which the mechanoreceptor in the human skin called ‘pacinian corpuscle‘ is most sensitive (van Erp,
2002).
Power is supplied by two rechargeable 3.6 V CR2450 buttoncell batteries with a capacity of 230 mAh [sparkfun]. These were
chosen for the small size and relatively high capacity. Interesting other power sources are the thin film printed ´Power paper´
[powerpaper.com] and flexible lithium-polymer ion batteries, but these are still too low in capacity. For carrying the signals
across the garment, I chose to use Bekaert Bekinox VN conductive yarn. This is made of stainless steel filaments and has a
resistivity of 0.5 Ohm/cm. It does not fray much, is strong, and can be used in sewing machines, which are the main reasons for
using this yarn. To connect the belt and electronics device to the garment I use poppers. These connect to the garment with a
silver-plated non-stretchy conductive flat-knit textile called Shieldex Balingen. It is soft to touch, antibacterial, and does not
fray, plus has an interesting color and texture. The conductive yarn then is stitched through this fabric and reinforced with hot

6

melt silicon glue. Further, I constructed the garment so the skin never comes in direct contact with yarn or fabric containing
metal.
Feedback dynamics
The visual feedback signal is composed of several ‘vortices of energy’, represented by a spinning swirl. Each sensor signal is represented by its own vortex on the periphery of the screen, and a larger vortex in the center indicates a rhythm that the
practitioner should follow. It does so by varying its speed of rotation in a way that makes it seem as if a force is applied the
vortex at regular intervals, more or less like pushing a person on a suspended swing. Now after each of these pushes, the
system determines which sensors detected a movement or breath from the practitioner, and how well these were aligned to
the movement of the central vortex. According to this alignment, the individual vortices can move closer to or farther away
from the central vortex. When they have ventured close enough, the individual vortices can merge and move as one with the
central vortex. This moment is visually strengthened by glow and sparkle effects. As skill develops, the practitioner can thus
bring all sensor signals at one with the central rhythm to make for a unitary flow of the body and the visual feedback.

Inside the central vortex, a virtual yoga teacher is displayed that indicates the movements to be made. Occasionally, a prerecorded voice encourages the practitioner or gives instructions. This text is also displayed on the screen. The user has the option to select and deselect different forms of feedback to his or her liking for more freedom in composing one’s practice.
The vibration feedback on the back behaves in a similar way as the vortices on the screen. It behaves in a smooth, wave-like
manner laterally across the back, while following the rhythm of the yoga teacher on the screen. As the user behaves more and
more in sync with the teacher, the vibrations get stronger in intensity. In this way also these signals guide the user towards the
dynamic experience of flow.
Now when the user is moving in perfect synchrony for a while, the signal will gradually diminish again. Also the vortices around
the yoga teacher will decrease in intensity, and less and less voice commands will be given as they may become obsolete and
distractive after a while. The diminishing of feedback signals presents a next challenge of staying in the flow with less and less
feedback signal, until the user does it all by herself, without ‘training wheels’, so to speak. An added advantage of this is that by
staying in synchrony for a prolonged time the device will save battery power. At moments where the user gets out of sync with
the teacher again, the signal will gradually start to increase in intensity again, in order to start guiding her back.
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Settings
As higher levels of skill are acquired by the practitioner, Flowtime offers several settings in order to keep challenging the
practitioner and have him employ his skills to the fullest extent. This is crucial to keep practitioners in their ‘flow zone’
(Csikszentmihalyi, 1997). One of these settings is the choice between ‘novice’ and ‘expert’ mode for people with different levels
of skill. In novice mode, the system chooses easier postures and gives more verbal information, whereas in expert mode hardly
any information is given and the practitioner has to mostly rely on the haptic feedback and background animation on the
screen. Another setting is the choice between ‘gentle’ and ‘hardcore’ mode, which respectively gives people a little and a lot of
challenge. In gentle mode, verbal messages are slower and less frequent and feedback is less dynamic, whereas in hardcore
mode the virtual yoga teacher gives more corrective and critical feedback. Another difference between gentle and hardcore
mode lies in the system being respectively tolerant and less tolerant. This means that in hardcore mode, the user needs to
better synchronize his breath and movement to the guidance signal of the system in order to produce the same amount of
positive feedback and reach a state of flow in unison with this feedback.
Hands off!
The Flowtime system does not give any direct corrections, concordant with a ‘hands off’ approach which is promoted by
Handford et al. (1997), especially for early stages of skill learning. They state that coach intervention at an early stage may assist
in assembling coordinative structures as temporary solutions for immediate performance, but possibly without establishing
those structures that influence long-term performance. The hands-off approach is also in line with my conviction that current
technology cannot be sensitive and empathic enough to take over this aspect over from human teachers, but only provide
awareness and mild guidance.
Using the system
The first version of Flowtime offers three modes: a sun salutation, a breathing exercise, and a ‘fists of fire’ sequence. A sun
salutation is a basic routine that takes the practitioner through the basic poses of yoga. The breathing exercise offered requires
the user to breath in sync with a preprogrammed pattern, and the fists of fire exercise is a basic exercise to build inner strength
(Nardini, 2009). Here, the practitioner repeatedly moves the arms up and down while opening and closing the hands.
When one of the modes has been selected, the virtual yoga teacher is introduced and the system counts down until practice
starts. At all times can the user pause the practice by pushing a button on top of the central unit worn on the front of the belt.
Also, a rotary control on the front of the housing allows the user to change the speed of the practice. When the belt is detached
from the garment, the device can still be used, although now only feedback on the breath is given. When decoupled from a
main computer that gives visual feedback, the device is not interactive anymore but does offer vibration signals according to a
fixed pattern, which enables the user to practice the exercises wherever she wants.
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The belt and the garment need to be integrated
The garment needs to be more desirable for the target customer: style-sensitive women (think of soft and ecofriendly materials, patterns, patches that support perspiration evaporation, and refined details)
The electronics enclosure needs to be miniaturized, and integrated into the garment as unobtrusively as possible
The motion sensors need to be improved for a more accurate and less noisy signal (Possibly a Flexpoint sensor)
Optionally, the haptic feedback signal can be optimized for effective guidance and to minimize power consumption

Other wishes are:










A body-skimming garment: not too loose and not too tight for optimal comfort
Short sleeves – long sleeves are undesirable
No rigid parts should be placed where the body touches the ground or where body parts press or rub against each
other – see the resources for a gallery of yoga postures. Suitable locations may be the top of the shoulders or the
upper chest.
Rigid parts should be removable
Minimize the surface area of the garment that hugs the skin
The sensors should either not be in contact with, or not react to perspiration
The target price should not exceed 150 Euro.
The garment should be washable



Take into account that the garment is going to be made in different sizes – try to minimize production costs

Yoga is a complex and all-encompassing system for holistic health, that can ultimately lead to a union of body and mind. The
word ‘yoga’ comes from the Sanskrit ‘yuj’, meaning ‘to yoke, to bind together’. What underlies all forms of yoga is the basis on
Patanjali’s eight limbs, which lead the practitioner to a progressively more enlightened state. These limbs range from yama and
niyama, focusing on self-control and performing duties, to asana and pranayama, respectively the control of physical postures
and direction of breath, to pratyahara, the detachment from the senses, dharana, deeper concentration, dhyana, deep
contemplations from occult meditation, towards samadhi, a state of complete integration and wholeness.
Over a 5 millennia long history, various forms of yoga have emerged, each focusing more or less on each of the limbs. The most
popular form is Hatha yoga, which is part of Raja yoga, the path of self-control, and focuses on the physical postures or asanas.
The also popular Ashtanga or Power yoga and Vinyasa or Flow Yoga are variants of Hatha yoga, aimed at connecting movement
and breathing and mainly focusing on physical exercises. In Ashtanga, the sequences of postures are fixed while in Vinyasa the
practitioner is free to arrange different sequences. Other types of yoga, such as Kundalini yoga, are less commonly practiced,
and can also involve singing mantras and rapid breathing exercises.

A sequence of postures called Sun Salutation (Surya Namaskar A).
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The postures will have an influence on the garment design as well as the electronics enclosure. Some specific postures to take
into account are:

To the left is the downward facing dog, a basic posture that occurs in many yoga sequences. Upper body garments here tend to
fall down. To the right, in the center, are then respectively the dolphin pose and head stand. In these postures, the garment will
tend to fall down even more than in the downward dog. The rightmost pose is the shoulder stand. Here the garment will fall
down a little less since the hands are placed on the back. Also, the chin will be put close to the chest.

Here, the belly and chest may receive pressure by either getting pressed against the upper leg with the hands grabbing the feet,
or the leg getting pressed into the chest with the hands grabbing the knee or back of the knee.

In these twisting poses, the knee will get pressed against the side of the chest, and rub against it in a lateral direction.
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In poses such as the locust, or when moving into upward facing dog, the chest may come to momentarily rest on or slide over
the floor. However, during the pose the chest does not usually rest on the floor.

In the corpse pose for relaxation, and in the ‘happy baby’, the yoga practitioner lies flat on the entire back. In some movements
she will roll over her entire spine where the spine gets pressed into the yoga mat even more.

Crow pose: The upper legs or knees come to rest in the armpits. And to the right some extreme poses, where the chest is
mostly covered, however not the heart area.

Flowtime can easily be seen as a simplification and commoditization of the yoga system, but it stays true to yogic teachings in
several ways. The most important notion is that Flowtime does not enforce or explicitly persuade people to practice yoga in a
certain way; it only guides with biofeedback that the user can ignore or turn off at all times. It also has the practitioner do yoga
for the sake of yoga; it is not introduced as part of a game nor does it emphasize improving the performance of the user; it only
makes aware and guides. Emphasizing the asana and to some extent the pranayama aspects of yoga does not mean that it
necessarily inhibits practicing the other aspects of yoga. It does mean that Flowtime is especially suited for Vinyasa/Flow yoga,
but I think people would more likely to practice other aspects or types of yoga later on, after they first had a good, entertaining
and motivating introduction to yoga, and are curious to explore more. Flowtime offers a first taste of what yoga entails, while
leading the user free to do yoga for the purposes that she needs it for, beit a spiritual practice, having a moment for herself, or
just a physical exercise.
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Flowtime is targeted at the health e-gaming market, a rapidly expanding segment of the video games market that incorporates
elements of casual games, serious games, and exergames (Donner, Goldstein, and Loughran, 2009). With a global sales number
of 42billion USD in 2007, where this number was 21.88 in 2002, and expected to be 68.4 in 2012, the video-games industry is
one of the largest and fastest growing industries in the world (ibid.). The global market for health e-games is estimated to be
worth 6.6 billion USD (ibid.), of which 6.4 billion is generated by the exergames market. Exergames involve physical activity,
examples being Nintendo Wii Fit and Dance Dance Revolution. Of all segments of the health e-gaming market, Flowtime
resonates the most with the exergaming market. To attract a large audience and make the system as accessible as possible, I
have positioned it as an exergame rather than either a yoga, fitness, wellness or biofeedback product.







A customizable yoga teacher at home.
Haptic feedback acts as direct information for bodily movement. This makes Flowtime into a yoga teacher that can
‘get intimate’ without the awkwardness that is often perceived when a human teacher gives direct feedback on the
body. Haptic feedback also takes away the need to consciously direct the gaze to a display. This can be highly limiting
because in yoga each pose has a direction of gaze of its own, and this is only occasionally directed forwards. To have
to take the gaze away can be distracting and get the practitioner to lose his steady breathing rhythm and balance.
Flowtime is meant to elicit a sustained experience of flow. By emphasizing flow, Flowtime should be able to bring
about a richer experience than other digital yoga systems.
The input device is worn on the body, which allows the user to pause her practice immediately, and without having
to switch to another device as in the case of the Nintendo Wii Fit, or a laptop.






Casual and Accessible; introducing people to yoga without any further demands or links to the spiritual side of it.
Freedom; the user is able to practice in his own way.
Enjoyment; learning to take moments for yourself and enjoy them to the fullest.
Control; becoming aware about aspects of oneself and learning to control them.



Adaptivity; adapting to each individual user to implicitly create the practice that suits the person.

On the next page is a moodboard that sums up some ideas on form, color, and the overall feel of the product.
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Here are several proposals for the internal configuration. The first three are based on a stick-like module, each using a different
battery, that can be slid into a sleeve that is attached to the belt of the shirt. The fourth one is based on a plastic holder that
can be integrated into the garment
1.
2.

3.
4.

‘Sticklike’ Li-ion battery –a narrow, long, straight enclosure. This one allows for a full rounding on one side, following
the shape of the XBee module.
iPod Mini battery - a compact, curved enclosure. This configuration has the advantages of being curved, so following
the body, it’s shorter than the others, plus the battery can be easily connected, so there is no task of developing a
specific battery holder.
Battery for Sony -Ericsson BSL-14 –a thinner, partially curved enclosure.
A compact circular module to be snapped in a plastic holder in the garment. It contains the iPod Mini battery and an
Arduino mini microprocessor.

An example of a successful integration of such an enclosure into a garment can be seen in the images below:
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Configuration 1
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Configuration 2
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Configuration 3
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Configuration 4
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Here is an overview of all the enclosures together, for a better size comparison.
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Corinne Mattmann (2007, 2008) did a PhD dissertation on movement sensing through a shirt. He concluded that arm
movements can mainly be detected in the armpit region (sensors 4,5,7,8, and 10 in the picture above). Shoulder movement can
be detected on the upper back, when the arms move forward. They used strain sensors of a thermoplastic elastomer thread
filled with 50wt-% carbon powder. These were 0.3mm thin, 2cm long, bonded to the fabric with silicone film, and connected to
the electronic circuit through conductive epoxy CW2400.
An exact sensor positioning is not crucial. A shift of up to 11cm from the optimal sensor position decreased the recognition rate
of the different body postures by less than 3%. The number of sensors should not be minimized. A sensor set of 20 sensors
showed advantages over using 5 sensors when a sensor fails and when the garment shifts at the waist level. When only five
sensors are used, the recognition rate drops by more than 30% when the shirt moves by 3cm. Even for a smaller shift of 1cm,
the recognition rate drops by 10%. When using 20 sensors, the drop can be reduced to 1:7% (98:3%) for a shift of 1cm.
A shift of the shirt at waist level caused the biggest drop in the recognition rate. Therefore, the strain sensitive shirt should be
fixed at waist level ensuring that it moves less than 1cm. We have this fixation with the belt, which is a great advantage if we
use stretch sensors. We won’t use that many sensors as we don’t want to have a tight fitting garment. The armpit region seems
the most interesting since stretch can be measured between the belt and the shoulders, which act as anchors.
Mattmann also used various algorithms to detect the optimal placement for the strain sensors, with the result being that the
armpit region is the most suitable for measurements:
“When comparing the results of the MIFS [Mutual Information Feature Selection) and the GA (genetic) algorithm, they were
quite similar. Both of them found the most relevant sensor positions to be in the armpit region, in both - horizontal and vertical direction.”
A problem with bend sensors is that they tend to be too rigid, and not follow the body well. They tend also to bend at just one
location. A solution would be to have the garment press against the skin where the sensors are located, but this may be
uncomfortable after a while. Reducing the localized bending can also be achieved with for example a flexible plastic rod of
around 1mm diameter, but this will add to the thickness and ‘hardness’ of the sensor. Strain sensors do not need this added
element, they would only need stretchable resistive fabric and possibly a watertight lamination to shield it from sweat.
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It might not even need to be laminated. A problem could be that the sensor may touch itself and then cause the voltage to
drop, but these sudden drops can probably be cancelled out through the software program. The problem of sweat can
definitely be solved, as sweat still has a significant electric resistance:



Wet t-shirt resistance (with water): 120-180 kOhm from armpit to lower ribcage
Sweaty (10g NaCl/L) t-shirt resistance: 3-10 kOhm from armpit to lower ribcage

The sensor will act in parallel to this resistance. If we want the sweat to have little influence, the sensor’s resistance will need to
be much smaller than 3 kOhm. For example, with a maximum influence of the sweat of 33%, the sensor’s maximum resistance
will need to be 1,5 kOhm. With sweat, the resistance can then drop down not more than to about 1 kOhm. It is no problem if
sweat decreases the resistance, as sweat will only gradually saturate the sensor material, so still a smooth signal will be read.
The problem is that if the sensor’s resistance is too high, the sweat will drop the overall resistance so far that the range of the
sensor will decrease dramatically and not give a meaningful signal anymore. With sweat, the sensor system will act like a
parallel resistance, so the overall resistance value will drop more with the onset of sweat the higher the resistance of the sensor
is. And the resistance of the sensor should also not be too low as then the power loss from the voltage divider that connects the
sensor to the input pin of the microcontroller will be too high so it will significantly drain the battery.
It would be nice if we could make both the breath sensor and the movement sensors out of the same material. The breath
sensor will be shorter, so it will need to have enough resistance to not give too much current loss (no more than, say, 10mA). As
resistance of sheet materials is measured in Ohms per square (in other words, the resistance of a square of material is the
same, no matter the size of the square), the amount of squares that fit in the sensor will determine the resistance. To minimize
the amount of squares in the breath sensor, we can implement it as one rectangular patch of about 40 x 100mm, instead of the
‘U’ shape of the sensor in the previous prototype. This means that it will be connected to the microcontroller on both ends of
the sensor: one way it goes around the back, the other side could connect to a piece of conductive Velcro to the flap of the belt.
This would thus also simplify the connection and minimize the amount of materials necessary, as well as prevent the sensor
from short-circuiting by folding down on itself. Because the breath sensor will have less squares than the longer movement
sensors, the resistance per square of the material will need to be kept as high as possible.
The length of the movement sensors will be around 150 mm. We should have them to be a single strip rather than a U shape, to
minimize the amount of squares. With a width of 2cm this means there will be around 7 squares, and the resistance will need
to be around 200 Ohm/sq. I inquired about such a material at Eeonyx.
Chest circumference:



Male, 27, 174cm (me): 10cm expansion on a full, as deep as possible, inhalation
Woman, 58, 162cm, smoker: 5cm expansion on a full, as deep as possible, inhalation

In yoga, people will hardly ever breathe that deeply, so I think the sensor stretch should be 8cm.
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Flex sensing
In the last prototype, flex sensors were constructed like the one below, developed by Kobakant:

These have a layer of resistive material in the center, such as Velostat or Eeontex fabric. This material is sandwiched in between
some conductive material such as conductive fabric or thread. The whole of this is then sandwiched in between two layers of
rubber.
From the last prototype, it appeared it is very hard to get a usable signal such from bend sensors in the armpits. A problem is
that because the arms get pressed firmly against the sides of the body in several poses, the sensor will tend to pinch at one
point. The bend sensor will then act more like a pressure sensor at this one point, and a strip made of several layers will be
quite unpredictable in its behavior unless engineered very precisely. You can see this a bit clearer in the following pictures:

The outer layers of such a sensor need to be not too stretchy, otherwise it will not give enough pressure onto the layers of
conductive and resistive material when the sensor bends. But they also need to be not too rigid, as then they may start to
separate the layers on extreme amounts of flexion, and even rip the bondings. Also, the layers need to be bonded together not
too tightly as this may press the inner materials too tightly together so the amount of resistance change will be too minimal for
a useful signal. These are considerable constructive challenges.
The sensor developed by Kobakant would probably be the best option, although it comes only in one color (grey with green)
and is rather thick (about 4mm). It uses a 1.5mm neoprene outer layer, HS quality with stretchable jersey fabric bonded to it,
developed by the German firm Sedo Chemicals. An option is to buy custom colored neoprene directly from this firm, and
construct the rest of the sensor with our own materials, which are available.
These are the details from Sedo:
Neoprene HS, 1,5mm, Nylonjersey on both sides

68,35 EUR per sheet EXW
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-

sheet size app. 2,15m x 1,30m (+/- 5%)
shipment in a roll by parcel service charged by 17,50 EUR
lead time is app. 1 week after receiving the bank transfer in advance

An early test revealed that using one layer of conductive fabric instead of two works as well. The two conductive strips are then
narrower and still separated on the same level, as in the picture below. The resistive material here should be Eeonfelt or
Eeontex, as according to Kobakant the Velostat material does not work in such a construction.

Here are some other bend sensors:
http://www.flexpoint.com/companyInfo/bendSensor.htm
http://fkeel.hackhut.com/2011/05/27/flex-sensors-by-flexpoint/
Flexpoint: There is a slight memory effect. If the sensor is bent very strongly it does not go back to baseline. While there is a
slight memory effect (i.e. my readings are lower after having flexed it once) the readings where constant and repeatable after
that. The main drawback of the 3″ sensor: As it is so long, the flexing can happen at different places and it is also prone to
rotate, which severely influences the readings. For very precise sensing, it may be of benefit to use shorter sensors.
Bend Sensors at NoDNA
http://www.nodna.de/Robots-and-Accessories/Sensors/Pressure/Bend/Bend-Sensor-6cm-787.html?sid=hnkqb7164hhhpk7g6vovll48a6

20,94 EUR (buy 5 get 1 free). Bend is detected in one direction only. Highly flexible, very robust, laminated. About 2K Ohm
stretched, 200KOhm bent. Sensing area length 3.7cm, sensor overall length 5.9cm, thickness: 0.22mm, width: 7.1mm.
Bend Sensor 8.5cm
http://www.nodna.de/Robots-and-Accessories/Sensors/Pressure/Bend/Bend-Sensor-85cm--
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786.html?sid=hnkqb7164hhhpk7g6vovll48a6
19,95 EUR (1 free with every 5). This sensor changes its resistance when being bent. Bent is detected in one direction only.
Highly flexible, very robust, laminated. About 2K Ohm stretched, 200KOhm bent. Sensing area length 6cm, sensor overall length
8.4cm, thickness: 0.22mm, width: 7.1mm.

Bidirectional Bend Sensor 12cm x 4mm, 23,95 EUR

This sensor changes its resistance when being bent. Bent is detected in both directions, up and down. Highly flexible, very
robust, fully laminated. About 10K Ohm stretched, 1K Ohm bent. Sensing area length 10cm, sensor overall length without cable
12.5cm. Can be used as pressure sensor too.
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Flex sensing on the shoulders
I think that flex sensing on the shoulders does not work, as they will not follow the shoulders well. Also, the arms move upward
not just by rotation of the arm, but by sliding the entire shoulderblades towards the spine. The bending of the skin is actually
quite minimal. The behavior of a bend sensor on a moderately tight fitting shirt can be seen in the following pictures:

Stretch sensor
http://www.nodna.de/Robots-and-Accessories/Sensors/Pressure/Bend/Flexible-Stretch-Sensor-10cm-1411.html?sid=hnkqb7164hhhpk7g6vovll48a6

The Stretch Sensor is a unique component that changes resistance when stretched. When relaxed the sensor material has a
nominal resistance of 1000 ohms per linear inch. As the stretch sensor is stretched the resistance gradually increases. When
the sensor is stretched 50 % its resistance will approximately double to 2.0 Kohms per inch. The stretch sensor is a new way to
measure stretch, displacement and force. The sensor is a flexible cylindrical cord .060-.070 (1.5mm) in diameter.
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Green and pink emphasize environmental awareness, but also fun and femininity. The band around the chest is sewn into the
shirt, with a flap on the front to adjust the tightness. The patches that run along the side of the body could be made of a
breathing mesh fabric.

A softer design, in subtle grey/green tones with some elements, such as a logo on the back, and the breath sensor, in dark
brown, to visually pop out.

26

A more vibrant, sporty look with turquoise and white tints for a fresh, open feel. It has a logo on the front of the chest to make
it look extra sporty.

A more refined and exclusive look that combines a very dark purple with gold-like details and a decorative pattern on the front.

A subtle and elegant look with brown/greytones, emphasizing the aesthetics of yoga with patterns on the front and back of the
garment, and minimizing branding elements.
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This is the color sheet of BEMIS that we used to select the fabrics:

28

Here are some combinations I considered:
1. L125 - L226

5. L536 (a dark green) – L236

2. L407 – L226

6. L407 - L228

3. L407 – L236 – a brighter pink

7. L416 – L228 – a softer pink on a chocolate brown

4. L535 – L226

8. L537 – L228 – a softer pink on a light greenish grey
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9. L537 – L236 – a hot pink

11. L537 – L628 – a deeper blue with a shade of green

10. L537 – L603 – a bright blue

12. L537 – L407 – a combination of two soft tones

I chose combinations 9 (L537 + L236), 10 (L537 + L603), and 12 (L537 – L407) to be the most successful. In all three
combinations, L537 would be the base color, with the other color for the details. I think the main version of the garment should
be the one with the soft tones, nr. 12. The feel of it is natural and friendly, which fits yoga. It also matches the sensor fabric
better, which is also a tone of grey/brown. The other two combinations could be alternative versions for people who like either
pink or blue. The disadvantage of bright colors is of course that they are more subject to personal taste. For the prototype, I
personally prefer combination nr. 12. See the next page for an impression of the final product.
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Color combinations
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Paint color

4. RAL 7038 - Agate grey

In the end, we chose the combination of L537 and L628 – a
petrol-like blue. To paint the enclosure, we will need the
same colors. Paint is often specified according to RAL
colors.
This is the L537 fabric (it’s lighter and more greenish in
reality):
RAL colors for the petrol blue:
1. RAL 5021 – Water blue – but it’s a bit too green

RAL colors that come close to the L537 fabric are:
1. RAL 9018 – Papyrus White (comes very close)
2. RAL 5025 – Pearl Gentian Blue – it’s too dark and too
sparkly

2. RAL 7044 – Silk Grey

3. RAL 5020 – ocean blue – this one probably comes
closest

3. RAL 6019 – although it’s too minty, too saturated, and a
bit too dark
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The shirt needed to have a feminine and dynamic, sporty appearance, while reflecting the fluidity of movement of advanced
yoga practitioners. For a sporty appearance, we chose a combination of two contrasting colors. Also the ‘raglan’ type sleeve and
V-neck collar contribute to a more dynamic appearance. Smoothly flowing lines are used to define the side patches of the shirt,
which suits the dynamics of yoga and at the same time makes the wearer look slimmer. A flowing line is also used on the back
of the shirt, where the belt gets wider in the middle in order to accommodate placement of the logo. The graphic on the front
of the shirt adds some visual interest to the shirt, which should increase its desirability and as well makes a link to the software
system.

33

To the left is the logo created initially, for my graduation project, and to the right an improved version, made especially for the
prototype for Lucy, a brand targeted at women. The character looks female now, and the pose is more true to the actual yoga
pose. The logo was applied to the shirt by laser cutting overlay film supplied by BEMIS, and using the heat press to bond it to
the shirt.

We chose for an enclosure in the form of a compact and soft ‘pebble’, rather than a thin, elongated, remote-control-like device.
This pebble consists of 2 hard shells, a soft rubber skin over the front for extra grip and protection, and a battery lid on the
back. It also has a sliding button so you can turn the device on and off in order to save power. The device also has 9 magnets on
the back, which connect to the motors and sensors in the shirt. The magnets were ordered at www.magnetenspecialist.nl. They
measure 5x1mm, weigh 30 grams each, and have a strength of630g. The enclosure is 53mm wide, 40mm high, and has a
thickness of 26mm.

The enclosure was then produced using an SLS rapid prototyping machine at the faculty of Industrial Design, TU/e. It was then
painted using a Montana Gold spray can, in the color ‘Liberty.’ The rubber skin was molded out of silicone with a hardness of
30 shore A by the company VRT in Best, the Netherlands. It appeared hard to get the color of the rubber to accurately match
the petrol blue. We used the RAL color 5021, water blue, as a guideline, but the rubber came out a little too green.
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Here you see some pictures of the model as it came out of the rapid prototyping machine (it was painted grey but later repainted):

And this is the model when put together:
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Processing inside the enclosure is done by an Arduino Pro Mini board, because of its small form factor and easy
programmability. For wireless communication, 2 Xbee series 1 modules were used. To keep the enclosure as compact as
possible, a button cell battery was stacked with the Xbee and Arduino. This is a rechargeable CR2450 cell with a capacity of
560mAh.
This is what constitutes the typical total power use in mA of the system:





Xbee reception:
Xbee transmission:
Vibration motor:
Arduino Mini:

50
45
50
5

This makes the typical total power use 150mA, which means that the system would run for well over 3.5 hours before the
battery needs to be replaced.
The maximum power output of the Arduino pins is 40mA, which is too little to drive the motors. Therefore, the motors will
receive their current directly from the battery. Controlling the motors is done through connecting a driver circuit for each
motor to a pin of the Arduino that is capable of giving pulse-width modulated (PWM) output. This allows for gradually
controlling the motor’s intensity.
To be able to read out the sensor values, I implemented voltage dividers. These will create a difference in voltage of about 1.3 V
as the sensor gets stretched to its maximum. This voltage is then connected to the Arduino’s analog input pins, so it can be read
into the software program.
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Vibration motors
It might be interesting to replace the coin-type ‘pancake’ vibration motors with smaller piezoelectric ‘bend bars’ or ‘benders’.
These are thin strips of metal that bend one way or another, depending on the voltage applied to them. Advantages of these
actuators are their low energy consumption, their flatness (0.12 mm and up), and the absence of moving parts. A disadvantage
is the high voltage needed (30 V or higher is typical), which would require an electronic circuit to amplify the voltage from the
battery. Another disadvantage is the buzzing sounds that the elements make.
Interesting products might be:
http://www.omegapiezo.com/vibrating_elements_unimorph_equivalent.html
OPT-BD-41T-0.7A1, 41mm diameter, 0.22mm thickness, 700+/-300Hz resonant frequency, 30V operating voltage.
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http://www.aacelectr.com/en/solution/show_product.asp?aid=13
PV3012-W-01-F-G, 31x13x1.9mm, 195+/-5Hz resonant frequency, 2-5V (sine wave).
Another alternative would be to use the C1 Tactor from www.tactors.com. These give a perfect point-like sensation on the skin
although with a cost price of 250 USD a piece, they are too expensive to integrate.
Because of the disadvantages of piezo-elements and the high price of Tactors, we chose the more commonly employed solution
of standard coin-type vibration motors. Some suppliers of these motors are KOTL (www.vibratormotor.com), Pagermotor.com,
Budgetronics (www.budgetronics.eu), and Sparkfun (www.sparkfun.com).

We implemented the vibration motors supplied by Budgetronics. These have a diameter of 12mm and a thickness of 2.7 mm
and with that is one of the thinnest motors I was able to find. It further has a good strength, a relatively low power drain of 50
mA, and a speed of 14.000 rpm. This speed translates to a vibration of 233Hz and with that comes close to the ideal frequency
of 250 Hz to which the mechanoreceptor in the human skin called ‘pacinian corpuscle‘ is most sensitive (van Erp, 2002).
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The software is still based on the same program as was used for the first prototype, although it was upgraded in terms of
algorithms and the look and feel of the user interface. It was programmed in Processing, which communicates to the Xbee
wireless communication units through a serial connection.
This is the main menu of the software program, showing three options for exercises: a breathing exercise, a dynamic exercise
called ‘Fists of Fire’ that includes basic arm movements, and a basic Sun salutation A routine which includes more complex
postures.

You can select an exercise by pointing the controller module towards the screen, similar to a Nintendo Wiimote controller, and
squeeze it on top to choose an option.
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Breathing exercise:

Fists of fire exercise:
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Sun salutation A exercise:

Note that the graph you see in the above right of the images does not appear in the final version of the software. It is only there
for testing purposes, to visually keep track of the sensor signal.
During the exercises, you will see a yoga teacher with a swirl around it. This swirl expands and contracts to indicate the pace of
breathing. When it expands, you breathe in, and when it contracts, you breathe out. The swirl underneath that of the yoga
teacher represents your own signal. The goal is to get your breathing in sync with that of the teacher. You will have to follow
the pace of the teacher, slightly pause the breath between each inbreath and outbreath, breathe smoothly enough, so without
sudden variations, and breathe deeply enough. These parameters are calculated after each breath, and based on that it will be
determined whether or not you were successful enough. If you were, your swirl will move closer to that of the teacher and
grow in side. If not, your swirl will move away from the teacher’s and shrink in size. The goal is to get your swirl to overlap with
the teacher’s swirl, so they merge together and you reach a ‘flow zone’ where you and the teacher move exactly as one. If you
keep this up during an entire exercise, you will reach a perfect score.
Here the practitioner’s swirl and those of the teacher are merged together:
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During exercises that contain movements, there will be an additional swirl representing your movements. To reach the optimal
flow zone, you will now need to merge both the movement swirl and the breath swirl with that of the teacher.
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The shirt was made with help of the staff and machines of Sew Systems Ltd. in Leicester, UK. The fabrics were supplied by
Maglificio Ripa, who create amongst the finest knitted fabrics of the world. We used the fabric type Light 2050, a blend of
polyamide and elasthane, with a weight of 180 grams. Materials such as adhesives and overlay film were supplied by BEMIS.
A shirt created by Adidas and Stella McCartney serves as a reference product. It employs some interesting sew-free
technologies in its construction, such as ventilation patches bonded with adhesives, and elastic overlay film that stores
movement energy.

The Flowtime shirt was created with similar techniques. Here are shown some of the steps of the garment making process.The
patches of fabric were cut out by hand or using a laser cutting machine. This is what the pattern for the shirt looks like:
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The main patches were bonded with a machine that uses lining with an adhesive backing to connect the two pieces of fabric,
without laying them on top of each other. This prevents the uncomfortable open edge of fabric that you see on the inside of
stitched garments.

This is the inside of the shirt, all patches joined together:

One problem with this bonding technique is that due to the stretching of the material while you are feeding it into the machine,
the fabric tends to ripple as the adhesive hardens out. We managed to do this better after a while, as it requires some skill with
the machine.
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This technique was also used to bond the breath sensor into a ‘sleeve’, so that it has two layers and is more durable.

The sensor in the armpit was cut out by hand and then glued to the inside of the shirt using first a ‘tacker’, a kind of cylindrical
pen-like iron, to get it to stay in place. Then it was bonded permanently with the heat press.
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The V-neck was constructed using adhesives as well as stitches. To add desirability and visual identity to the garment, we added
a graphical element to the shirt, as well as a logo on the back of the belt. This was done using BEMIS overlay film, which we
laser cut and heat pressed onto the fabric.
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The belt basically consists of a 3mm spacer fabric with a layer of stretch fabric on either side. The conductive thread that
connects the magnets to the sensors and motors is laid inside of the spacer fabric. For this purpose, grooves were cut into only
the top layer of the spacer fabric. After the conductive thread, the motors, and the magnets were positioned in the spacer, the
magnets were fixed by first hand stitching the conductive thread over the magnets a few times, and then covering them with
conductive glue and a circle of conductive fabric. The outer fabric layer of the belt, with holes for the magnets already laser cut
into it, was then placed on top of the spacer fabric. To seal the edges of the fabric around the spacer, we used an ultrasonic
welding machine.
This is the wiring diagram for the belt, split into two sections:

Here are some pictures showing construction of the belt:
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These are a few studio shots of the complete final result:
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Here is the prototype being exhibited on the FutureWear 2012 Conference, held in Winston-Salem, NC, USA on March 19-23:

And these are some extra photos, shot in the mountains near “Chimney Tops” in Tennessee. The left one shows a version of the
shirt with inverted colors.
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Marketing
First, a business plan should be written that determines the target market and the target selling price of the product. The
system is now targeted at beginning yoga practitioners in the rapidly expanding market of health e-games. This was chosen
mostly to suit a conceptual exploration into the future of wearable technology. The core of the product lies in a wearable
feedback system to couple breathing and movements, and this could be applied in other areas as well. It is possible that market
research will show that a different market, product context, and user group, would be better suited to develop this product. It
is likely that the system will be expanded to accommodate more practices besides yoga, such as Pilates, Feldenkrais, Tai Chi,
martial arts practice, weightlifting, running, and various team sports, and used in different contexts such as physical therapy.
The product will also need a good brand identity, including a name and logo.
An important decision will also be what interactive platform will serve for the software. In case it is marketed as a game, it
could be developed for the Wii or Kinect (which would reduce the need for physical movement sensors). Then the product may
need to be developed in partnership with these companies, where the shirt will be an additional product for these systems. It
may also be developed as an independent product that is interactive through a mobile app on a smartphone, tablet, or pc.
Design & Engineering
The shirt needs to be tested for robustness and improved to be washable. This may include a different way to integrate the
conductive elements. It should be considered whether also the electronics module needs to be waterproof, in case it lands in
the washing machine. If vibration motors will be integrated into the final product, these may need to be integrated in a more
robust way to make sure that the connections do not break. This is also the case for the magnets.
Probably the magnets will be replaced by a different kind of connection, since these gave some problems in the existing
prototype. Also, the enclosure is too bulky, so it falls off of the belt quite easily. To solve this, it could be miniaturized to the size
of about a USB-key, and hidden in a pouch so it is covered by fabric and optionally a layer of foam/spacer fabric and can be
connected using a connector. We will need some brainstorming and delicate consideration of the options for this design
challenge.
The movement sensors can be made more accurate, robust and better integrated, possibly by integrating them into a strip that
runs across the entire side of the vest. It can also be considered to include more movement sensors on different places, such as
the upper back.
To miniaturize the electronics, a custom PCB will need to be created that integrates a microprocessor and wireless
communication, and is optimized to minimize power consumption. A different battery may be selected to further miniaturize
the product, and possibly improve the perceived quality of the product (since a button cell battery can be related to cheap
products). A specific charger might need to be ordered for the product as well. It may also be the case that a separate product
will need to be developed to connect to the receiving device. This could be similar to wireless computer mouse devices, which
come with a USB docking station.
If the product context remains yoga practice, eco-friendly, organic fabrics such as bamboo or Lyocell may be considered
depending on the wishes of the target users.
Yoga system
In case the system remains targeted at yoga practice, Flowtime should be expanded in various ways.
It should automatically adapt to a user’s level of skill and willingness to be challenged, for example by keeping user profiles, and
learning from direct user data that it accumulates over time. It should motivate people to develop skill by having them move
through stages of expertise, for example:



‘Newbie’
‘Beginner’ (after you have practiced for about 2 hours)
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‘Intermediate Practitioner’ (after you have practiced successfully for about 10 hours and done a variety of exercises)
‘Advanced Practitioner’ (after you have practiced successfully for 25 hours)
‘Yoga Master’ (after you have practiced successfully for 75 hours and completed all the exercises successfully)
‘Guru’ (after you have practiced successfully for 300 hours)

The amount of exercises needs to be greatly expanded, although probably staying within the Ashtanga / Vinyasa lineage of
yoga. Also, the visual on-screen interface and character design of the yoga teacher should be revised.
To make the yoga experience more complete, the software should incorporate an encyclopedia of yoga postures, explaining
them in detail, together with visual instructions, where the yoga teacher character could play a role as well. This encyclopedia
might also contain a history of yoga practice, for added interest. In the encyclopedia, special sections may get unlocked as you
advance your practice.
Another feature that could be integrated is to allow the user to create custom posture sequences. Many advanced practitioners
are known to do this, with the true masters sometimes developing an entire own style of yoga. The software could encourage
this creative process. This could be similar to the ‘track builder’ feature as sometimes seen in racing games, where you paste
each segment sequentially after another.
The software could be coupled to the internet so users can share their results through social media, or even perform the same
yoga practice synchronized with a friend. The swirl of this friend may then also be incorporated on the screen, and now the goal
is to reach a unity of breath and movement of you, the teacher, plus your friend(s). This seems like it would add a lot of value to
the product, because now users can have the experience of a group yoga session within their own home.
Also, the algorithms in the software should be iteratively improved further so that it is even better at detecting synchrony.
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Conductive yarns, http://shieldextrading.net
Shieldex Balingen conductive fabric, http://www.shieldextrading.net/images/pdfs/Balingen.pdf
Bekaert Bekinox VN Conductive yarn. http://www.bekaert.com/en/Product%20Catalog/Products/I/
Innovative%20textiles%20-%20yarns%20-%20Bekaert%20Bekinox%20VN.aspx.
Flexpoint bend sensors, http://www.flexpoint.com/companyInfo/bendSensor.htm
KOTL Jinlong Machinery, http://www.vibratormotor.com/
LessEMF, www.lessemf.com
Coyle, Shirley and Morris, Deirdre and Lau, King-Tong and Moyna, Niall and Diamond, Dermot (2009) Textile-based
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Sensing Using Foam Sensors. Hobart, Australia: Australian Computer Society, Inc.
Huang, C.T. et al. A wearable yarn-based piezo- resistive sensor. Sensors and Actuators A 141 (2008) 396–403.
http://www.emich.edu/public/coatings_research/smartcoatings/related_articles/wearable_yarn.pdf
Lu, W., Nystrom, M.M., Parikh, P.J., Fooshee, D.R., Hubenschmidt, J.P., Bradley, J.D., and Low, D. A. (2006). A semi-automatic method for peak and valley detection in free-breathing respiratory waveforms. Med.Phys., 33(10),3634-3636.
Lukocius, R., Virbalis, J. A., Daunoras, J., and Vegys, A. (2008). The Respiration Rate Estimation Method based on the
Signal Maximums and Minimums Detection and the Signal Amplitude Evaluation. Electronics and Electrical
Engineering, 8(88), 51-54.
Mitchell, Edmond and Coyle, Shirley and O'Connor, Noel E. and Diamond, Dermot and Ward, Tomas (2010) Breathing
feedback system with wearable textile sensors. In: Body Sensor Network 2010, 6-9 June, Singapore. ISBN 978-0-76954065-8
http://doras.dcu.ie/15437/1/Submitted_BSN2010.pdf
Oum, J.H. et al. (2008). Non-contact heartbeat and respiration detector using capacitive sensor with Colpitts
Oscillator. Electronics Letters 44(2).
Pacelli, M. et al. (2006). Sensing Fabrics for Monitoring Physiological and Biomechanical Variables: E-textile solutions.
Proceedings of the 3rd IEEE-EMBS International Summer School and Symposium on Medical Devices and Biosensors.
MIT, Boston, USA.
http://www.hitech-projects.com/euprojects/myheart/public/results-documents/3rd%20IEEE%20EMBS%20ISSSMDBS%202006%20CDROM%2001-2142.pdf
Sparkfun Rechargeable Coin Cell Battery - 24.5mm,
http://www.sparkfun.com/commerce/product_info.php?products_id=8818
Tactors, http://www.tactors.com/Products.aspx?productId=01.
Toray Fieldsensor - http://www.torayentrant.com/fieldsensor/index.html. Primeflex:
http://www.torayentrant.com/primeflex/index.html.
Zhang, Z.B. et al. (2010). Design and Implementation of Sensing Shirt for Ambulatory Cardiopulmonary Monitoring.
Journal of Medical and Biological Engineering, 31(3): 207-216. 207.
http://jmbe.bme.ncku.edu.tw/index.php/bme/article/viewFile/578/829
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