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Abstract 

Wearable technology is omnipresent to the user. Thus, it 
has the potential to be significantly disruptive to the 
user’s daily life. Context awareness and intuitive device 
interfaces can help to minimize this disruption, but only 
when the sensing technology itself is not physically 
intrusive: i.e., when the interface preserves the user’s 
homeostatic comfort. This work evaluates a novel foam-
based sensor for use in body-monitoring for context-
aware and gestural interfaces. The sensor is particularly 
attractive for wearable interfaces due to its positive 
wearability characteristics (softness, pliability, 
washability), but less precise than other similar sensors. 
The sensor is applied in the garment-based monitoring of 
breathing, shoulder lift (shrug), and directional arm 
movement, and its accuracy is evaluated in each 
application. We find the foam technology most successful 
in detecting the presence of movement events using a 
single sensor, and less successful in measuring precise, 
relative movements from the coordinated responses of 
multiple sensors. The implications of these results are 
considered from a wearable computing perspective. 

Keywords:  Wearable technology, wearable computing, 
context awareness, gestural interfaces, body sensing. 

 

1 Introduction 

Traditional interface modalities that are very successful in 
stationary or mobile computing are often unusable, 
disruptive, or uncomfortable in wearable applications. A 
truly wearable interface must maintain the user’s 
homeostatic comfort: cognitively, physically, and 
socially. Some of the more successful interfaces for 
wearable devices have made use of the user’s physical1 
state, social/environmental context, or existing 
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interaction patterns to ease the cognitive load and 
physical/social obtrusiveness of a wearable interface. 

The use of body-mounted sensors to facilitate context 
awareness or gestural/movement based interfaces must 
take into account the user’s physical and social comfort, 
as discomfort (an attentional demand) becomes part of the 
cognitive load. This is especially apparent in applications 
that are not crucial in a life-or-death sense. The user’s 
willingness to sacrifice their personal comfort can be seen 
as proportional to the vital necessity of the device’s 
function. Since many wearable applications offer the user 
marginally increased convenience of device operation 
(relative to life-saving devices), they consequently 
require the preservation of the user’s status quo: in terms 
of both physical and social comfort. Users become 
unwilling to wear something that is perceived as 
uncomfortable or visibly unusual if it does not offer 
substantial reward for the sacrifice.  

These observations motivate the research programme in 
which this project is situated. A primary objective 
concerns the identification and evaluation of emerging 
new sensor technologies that appear to be especially 
useful in the wearable computing domain because of their 
obvious wearability benefits, particularly in garment 
integration. Unfortunately, these comfort benefits often 
come at a price, and sensor accuracy is often 
compromised. The key question is to what extent this 
compromise is compatible with different wearable 
computing scenarios.  In this paper a novel foam-based 
sensor is applied to facilitate context-aware and gestural 
interface, and three case-studies of its use are presented. 
In particular a mixture of single- and multiple-sensor use 
scenarios is examined that require different degrees of 
relative sensor accuracy. Results indicate that while the 
sensor performs well when detecting simple movement 
events (switch-like interface), there are challenges to 
overcome in coordinating the responses of multiple 
sensors in more fine-grained interaction tasks. 

The remainder of this paper is organized in the following 
manner: the next section provides a context for this work 
and discusses recent textile-based sensor options that are 
emerging as useful candidate technologies for similar 
wearable interfaces. In addition the foam-based sensor is 
described in detail. The subsequent sections describe 
three separate case-studies for sensing breathing rates, 
shoulder lift, and arm movement. These studies emerged 



out of issues raised in an initial pilot investigation (Dunne 
et. al., 2005a), a rough test that identified areas of interest 
on the torso for application of this sensor for garment-
integrated body sensing. Of these case-studies, breathing 
(Brady et. al., 2005) has been explained in detail 
elsewhere, and thus will only be summarized here, 
combined with a new case-study on detecting shoulder 
lift, and expanded investigation of a prior arm-movement 
study (Dunne et. al., 2005b). The primary goal of this 
paper is the examination of the relationship between the 
results of all three tests. These applications use the foam 
to sense in different ways: detecting movement events 
through a single sensor, measuring relative stimuli 
through a single sensor, and classifying a set of 
movement events using the relative responses of multiple 
sensors. Together these studies serve to provide a 
continuum of sensing activities that allow a number of 
important conclusions to be drawn that help in 
understanding the wearable sensing capabilities of the 
foam-based technology. 

 

2 Background 

Many previous approaches to wearable monitoring of the 
movement of the body have made use of traditional 
sensing technologies such as accelerometers (Farringdon 
et. al., 1999; Lee and Mase, 2002; Martin et. al., 2004), 
gyroscopes (Lee and Mase, 2002), strain gauges 
(Farringdon et. al., 1999; Mazzoldi et. al., 2003; Hertleer 
et. al., 2004), piezoelectric materials (Martin et. al., 
2004), fiber-optics (Akin and Braden, 2003), and pressure 
sensors (Toney, 2000). Of these, textile-integration has 
been achieved in the cases of piezoresistive elements, 
strain gauges, and pressure sensors. However, most prior 
research into body movements has relied upon sensors 
that are either strapped to the body (Farringdon et. al., 
1999; Lee and Mase, 2002), adhered to the skin, or 
integrated into a skin-tight garment (Farringdon et. al., 
1999; Mazzoldi et. al., 2003, Lorussi et. al., 2004). This 
approach can provide a precise measure of the movement 
of the body itself, but, as previously mentioned, it often 
requires the user to adapt their behaviour or reduce their 
physical or social comfort in order to accommodate the 
device. 

Textile-based sensors offer a compromise solution to 
many discomfort problems presented by traditional 
sensing technologies, by retaining the characteristics 
associated with comfort and wearability (properties of 
standard, non-electronic garments). Many textile-based 
sensors are actually sensing materials used to coat a 
textile (De Rossi et. al., 2003) or conductive/sensing 
materials formed into fibres and woven or knitted into a 
textile structure (Farringdon et. al., 1999; Hertleer et. al., 
2004). The properties sought by textile-based sensors can 
include flexibility, surface area, washability, stretch, and 
hand (texture of textile).  

Unfortunately, even those sensing materials such as 
metallic filaments and fiber optics that can be woven or 
knitted into a textile structure often impart undesirable 
characteristics to the textile: stiffness, rough surface 

texture, or lack of flex recovery. The use of polymer 
coatings rather than metallic elements can help avoid 
these undesirable characteristics. Conducting electro-
active polymers (CEPs) such as polypyrrole (PPy), 
polyaniline and polythiophene constitute a class of 
polymeric materials which are inherently able to conduct 
charge through their polymeric structure. When applied 
as coatings to soft, flexible substrates, coatings like PPy 
have little effect on the mechanical properties of the 
substrate. Thus, it is possible to fabricate a conducting 
sensor that retains the desirable properties of a textile or 
other soft structure.  

PPy-coated textiles are often used in wearable sensing 
applications (Farringdon et. al., 1999; Mazzoldi et. al., 
2003, Lorussi et. al., 2004). These applications generally 
use knitted textiles, resulting in a sensor with the ability 
to respond to stretch with increased conductance. 
However, a garment-integrated knitted sensor relies on 
the ability of its garment housing to also stretch, requiring 
the garment to be constructed from extensible textiles. 
Such a configuration also relies on minimizing the 
wearing ease present in the garment (the difference 
between body measurements and garment 
measurements). In other words, the garment generally 
must stay very close to the wearer’s body in order for 
length changes in body segments to cause the garment to 
stretch (instead of simply shifting over the body surface). 
In many cases, a skin-tight garment can be socially 
inappropriate or physically or aesthetically unacceptable 
for the user.  

 

Figure 1: Surface electro-micrograph showing PPy-
coated foam 

 

In the studies described here, a novel foam-based PPy 
sensor was used (Brady, Diamond, and Lau, 2005). The 
coated substrate is open-cell polyurethane foam, shown in 
Figure 1.  Two leads are inserted into the foam and a 
voltage applied. The resistance of the sensor is monitored, 
and shows distinct changes when the foam is bent or 
compressed. The advantage of a three-dimensional sensor 
structure is that it can be deformed by small compressive 
forces along any axis, as opposed to textile structures that 
can only be deformed by stretching the textile along one 
or possibly two axes. When applied to apparel, this means 
that augmented garments can be constructed from either 
knit or woven textiles, and still retain their sensing 
ability. In addition to planar compressive forces, bending 



the foam sensor creates a deformation of the polymer as 
the structure buckles. From a garment integration 
perspective, this means that whenever the textile surface 
bends, the sensor will experience a compressive force. In 
terms of wearability, the garment housing does not 
necessarily need to be skin-tight nor maintain a consistent 
position to respond to body movements (Dunne et. al., 
2005a). 

 

3 Single-sensor detection of movement events: 
respiration 

This study was designed to evaluate the sensor’s ability to 
detect movement events: the occurrence of a body 
movement, of indeterminate magnitude. This type of 
sensing is particularly useful in detecting rate of a 
repetitive movement (such as breathing, walking, or 
performance of a repetitive task), or in detecting the 
presence of movement in a specific area (such as 
determining that an elbow has been bent).  As an 
interface, this type of operation is switch-like, and can be 
applied wearably using a body movement as a switch-
input, such as toe tapping, shrugging, or other socially 
subtle physical movements. To do this, the device looks 
for a peak in sensor response, without establishing the 
amount of change. In this study respiration rate was used 
as the target response, as it is a useful physiological 
signal where rate of cyclical response is the target 
measurement. For the sensor, that means that the 
objective is the ability to count peaks to determine 
respiration rate. While other elements of respiration are 
also useful (volume of breath, gaseous composition), in 
this study the measurement of interest was simply the 
frequency of respiration in breaths per minute (BPM).  

Many other means of monitoring respiration require the 
user to don head-mounted apparatus or special sensing 
straps. This study, by contrast, sought to monitor BPM 
through a standard garment, by sensing the expansion and 
contraction of the ribcage during breathing.   

To monitor respiration rate, a foam sensor was integrated 
into a sleeveless, non-extensible torso garment (Figure 3). 
The lack of stretch in the test garment, combined with an 
adjustable chest band, held the sensor against the 
subject’s ribcage under the bust on the left side. This 
orientation, while requiring a closer fit than the other 
studies, is consistent with the location of the lower strap 
of a woman’s bra, and therefore not a significant 
imposition on the user’s standard clothing comfort.  

 

As the subject respired, the expansion of her ribcage 
caused the sensor to compress and relax. This change was 
recorded both through a wired connection to a digital 
multi-meter, and through a wireless radio connection via 
a Mica2 Mote (Crossbow, 2005). An example of the 
breathing response recorded by the Mote is shown in 
Figure 3. 

 
Figure 2: Example respiration data 

 

The subject completed two treadmill tests, during which 
the performance of the garment-integrated sensor was 
compared to that of a standard airflow respiration 
monitor. Each test consisted of a stationary baseline 
measurement, followed by three 2-3 minute segments at 
steadily increasing speed: from walking to jogging to 
running. The breathing rate in breaths per minute as 
wirelessly recorded by the foam sensor was never more 
than 1 breath different than that recorded by the airflow 
monitor, with a correlation coefficient of .99 and a 
standard error of .62 for the foam-based sensor compared 
to the benchmark airflow prediction. This is a very 
positive result, which did not seem to be impacted by the 
subject’s increasingly vigorous physical activity. 
Additionally, although the sensor positioning required a 
closer fit than other tests, it did not appear to negatively 
influence the subject’s comfort while running. 

 

4 Single-sensor measurement of relative 
stimuli: shoulder lift 

Initial investigation showed the sensor’s ability to 
respond with varying magnitude to stimuli of varying 
magnitude (Dunne et. al., 2005a; Brady et. al., 2005); 
however this quality was not rigorously evaluated. 
Consequently, this study sought to further investigate the 
sensor’s response to precise stimuli.  

The movement monitored in this case was shoulder lift. 
This was chosen because as a linear, one-dimensional 
movement, it was relatively easy to generate and record 
precise movements. Similar to the breathing test, in this 
test the response of a single sensor was measured, 
however in this case the magnitude of response was also 
evaluated, instead of just the frequency of response.  

For this test, the same prototype garment was used. The 
garment is illustrated in Figure 3, with locations indicated 
for the breathing sensor as well as the shoulder lift sensor.  

4.1 Methodology 

To test the sensor’s response to shoulder lifts of varying 
heights, one female subject donned the prototype garment 
and performed 13 repetitions each of 1cm, 2cm, 3cm, 
4cm, 5cm, and 6cm shoulder lifts. 

The height of each lift was controlled by a mechanical 
stadiometer consisting of a vertical length measure with a 



perpendicular height indicator. This horizontal bar was 
used as a tactile feedback mechanism for the subject: as 
she raised her shoulder to the appropriate height, the outer 
edge of her shoulder (beyond the sensor) came into 
contact with the bar, halting the movement. The position 
was held for 3 seconds, following which the subject was 
instructed to relax her muscles totally for a 3 second rest 
period before repeating the movement.  

 

 
(a) 

 
(b) 

Figure 3: Test garment (a) and garment layout (b) 

 

Data was recorded wirelessly from the foam sensor using 
a Mica2 Mote (mote pictured in Figure 3a). A sample 
sensor response graph is shown in Figure 4. 

 

 
Figure 4: Sample sensor response to 6cm shoulder lifts 

 

4.2 Results 

For each repetition, the percent change in resistance for 
the sensor was calculated. This process was repeated for 
all lift heights except the 1cm trials. The sensor response 
to a lift height of 1cm was not significant enough to be 
reliably extracted from the sensor’s resting noise; 
therefore the 1cm trials were discarded.  

Each shoulder movement produced a distinct reaction 
from the sensor, as seen in Figure 4. When averaged, the 
aggregate sensor responses generally grew in magnitude 
with increasing lift height from 2cm to 4cm, as seen in 
Figure 5. After 4cm, the sensor response ceased to grow. 
This is perhaps due to the sensor having reached its 
maximum response at 4cm, following which any further 
stimulus could not produce a larger response.  

 

Figure 5: Average sensor responses for various lift 
heights 

 

Although the average responses exhibited more or less 
the hypothesized result, the standard deviation in the 
responses produced a problematic overlap. As seen in 
Figure 6, the plots of sensor responses for each repetition 
frequently overlap. Because of this lack of consistent 
response, the sensor cannot in this manner be used to 
accurately record precise lift height.  
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Figure 6: Sensor responses to shoulder lifts of various 
heights 

 

4.3 Discussion 

As seen in Figures 5 and 6, while the average sensor 
response showed the expected increase as lift height 
increased, the individual responses did not display 
enough consistency to be reliably linked to a specific lift 
height. However, as seen in Figure 4, each shoulder 
movement resulted in a measurable sensor response. 
Thus, the sensor can be seen as reliable in responding to a 
shoulder movement (regardless of magnitude), and in 
providing some coarse-grained indication of magnitude.  

The possible reasons for this variation in response are 
many. Deploying a noisy sensor in a truly wearable 
manner introduces a myriad of new influencing variables 
that add still more noise. These variables include garment 
slippage, human error in consistency of lift and relax 
positions, and garment construction effects on sensor 
integration.  

It is also likely that improvements may be possible when 
it comes to increasing the accuracy of the sensor in this 
experiment. For example, at the moment a very simple 
approach to data analysis has been taken by examining 
the percentage change in sensor resistance as a result of 
each shoulder lift. A number of more sophisticated 
alternatives might yield improved results. Lorussi et. al. 
(2004) have had success using redundant textile-based 
PPy sensor arrays. While the sensor used here appears to 
be slightly less precise than the textile variety used in that 
study, a similar approach may be of use in improving the 
precision of the foam-based sensor. 

 

5  Multiple relative sensors: arm movement 

Thus far, the sensor had been shown to produce reliable 
results in detecting frequency of movement events, and 
less reliable in measuring the magnitude of those 
movements. This third study sought to evaluate the ability 
of a group of sensors to perform more general magnitude 
measurements, using a combination of sensor responses 
to classify a movement event. Towards this end, sensor 
responses to directional arm movement were recorded. 
The objective was to use the changing responses of four 
sensors to determine which of four directions the arm had 
moved. Here, the precise amount of response was not as 
important as the relationship between the responses of all 

four sensors. The fact that each individual sensor may not 
respond in the same way to the same stimulus (as seen in 
the shoulder raise test, section 4) would not be a problem, 
as long as all four sensors exhibited the same difference 
in response at the same time (in other words, as long as 
the relationship between responses remained the same).  

In these tests, four foam sensors were integrated into a 
standard woman’s long-sleeved t-shirt. Sensors were 
attached perpendicular to the armscye seam (the seam 
that attaches the sleeve to the garment body), at the 
acromium, axilla front and back, and underarm (top, 
front, back, and underarm of the shoulder joint).  

Three separate trials were conducted, in which the subject 
repetitively moved her arm to four positions: a 180 
degree abduction (raising the arm directly over the head, 
“up”), a 90 degree ventral abduction (raising the arm in 
front of the body, parallel with the floor, “front”), a 0 
degree abduction (anatomical position, arm brought to 
side of body, “down”), and a 90 degree dorsal abduction 
(bringing the arm parallel to the floor behind the body to 
the farthest extent, “back”). Data was recorded 
simultaneously from all four sensors using two Mica2 
Motes.  

Because all four sensors were deformed with each 
movement, determining the direction of arm movement 
required an analysis of the combination of varying sensor 
responses: for instance, an “up” movement could be 
hypothesized to result in a dramatic response from the top 
sensor, with less dramatic responses from the other three 
sensors.  

Three datasets were collected and tested, at 0 days, 84 
days, and 85 days. Initial results from the first dataset 
(Dunne et. al., 2005b) demonstrated recognizable patterns 
for all but the “back” movement, and indicated that 
decision tree learning algorithms (from the WEKA 
toolkit, see Holmes, Donkin and Witten, 1994) could be 
trained and cross-validated on each individual dataset 
with accuracies of up to 95%. However, training the 
algorithm on one set of data and testing it on another set 
of data resulted in a significant reduction in accuracy:  the 
new test data could only be predicted to an accuracy of 
35%. This indicated that the initial algorithms had 
potentially been overly specific to the original (relatively 
small) dataset, and the subsequent poor accuracy was 
hypothesized to be due to the lack of precision in the 
sensor response: as witnessed in the shoulder raise study, 
a given movement can result in a range of sensor 
responses, which often overlaps considerably with the 
range of possible responses for a very different 
movement. The cross-validation was performed between 
the 84-day and 85-day datasets, as well as between these 
two and the initial set, with similar accuracy levels. This 
removes the likelihood that the datasets were significantly 
dissimilar due to ageing or oxidation of the polymer 
coating.  

Based on this, the data was then processed to produce a 
simpler profile of measurements that were qualitatively 
similar to the breathing data (see Section 3): essentially, 
the movement data was thresholded to convert the 
response into an absolute reaction, and the sensors 



considered as digital switches rather than analog spectra. 
If the magnitude of sensor response fell beneath the 
threshold, it was assigned a value of 0 and considered a 
lack of response. If it registered above the threshold, it 
was assigned a value of 1 and considered a valid 
response. In this way, the combinations of binary values 
could be linked to direction of movement, and the 
algorithm trained on a simpler set of data.  

This approach improved the accuracy of the decision tree 
to 60% for the new test data, almost doubling the 
accuracy of the previous test. Of course, this is still a 
relatively low accuracy rate; it indicates that on average 
correct arm movement can be detected only 60% of the 
time.  

The difficulty in this approach was that the range of 
responses for a “strong” response overlapped with the 
range of responses for a “weak” response: therefore 
regardless of the threshold value, no resultant binary 
combination was noise-free. Each sensor experienced 
some stimulus for every movement, and the magnitude of 
response was not consistent enough to reliably discern 
which sensor experienced the greatest stimulus.  

 

6 Discussion 

These three case-studies each present a different 
evaluation of the performance of the foam-based pressure 
sensor in the wearable monitoring of body movement. 
Together, they can be used to form a more complete 
understanding of the advantages and disadvantages of this 
sensor in this context.  

For instance, similar features were seen in the reaction of 
the sensor to respiration and to shoulder lift. In both tests, 
the sensor exhibited a clear and reliable response to the 
repetitive stimulus. Since the breathing test was focused 
merely on counting peaks in the output per minute, the 
sensor proved quite adept at its intended function.  

In contrast, the shoulder lift test highlighted some 
potential problems by illustrating inconsistencies in 
sensor response to similar stimuli. In the context of the 
breathing test this suggests that while the garment-
integrated sensor is quite well suited to measuring 
respiration rate, perhaps it is less well suited to measuring 
the depth or volume of each breath. Similarly, while the 
sensor showed some difficulty in responding 
proportionally to lift height in the shoulder lift test, 
perhaps it is much better suited to interfaces that are only 
concerned with knowing that the shoulder was raised, 
perhaps by some minimal amount, not how far it was 
lifted. 

The arm movement test attempted to add some degree of 
precision back into the sensing process, by reducing each 
sensor to “switch” operation, but by means of a threshold 
of response magnitude, rather than by the presence or 
absence of any response at all. In other words, the arm 
movement test attempted to distinguish broadly between 
two classes of responses—a “small” (or absent) response, 
and a “large” response. This proved to be marginally 
successful, increasing the decision tree’s accuracy by 

half, but still not approximating the accuracy of the cross-
validated model. This indicates that at least in terms of 
the 4 stimuli experienced by the arm sensors, the 
distinction between the range of “small” responses and 
“large” responses was not as clear as hoped.  

It is important to bear in mind that all three tests were 
performed to evaluate the capabilities of this sensor in a 
garment-integrated wearable sensing environment. The 
results therefore do not reflect the sensor’s potential 
ability to provide accurate responses in other, more 
controlled environments. However, because of the 
physical properties previously described, this particular 
sensor is well-suited to garment-integrated sensing. 
Unfortunately, garment-integrated wearable sensing 
introduces two additional sources of noise for the sensor: 
the inconsistencies and lack of precision in the anatomy 
and physiology of the human body, and the myriad 
variables presented by coupling a sensor with a soft, 
unpredictable structure like a textile garment. It is hoped 
that this noise may be better compensated for by using 
more sophisticated data analysis and machine learning 
techniques than those presented in this paper. Again, as 
previously discussed, redundant sensors combined with 
sophisticated data processing could improve the accuracy 
of the sensor itself, however this approach has not yet 
been tested on the sensor used here.  

 

7 Conclusion 

The three applications investigated for garment-integrated 
body sensing using foam-based pressure sensors have 
each contributed to an understanding of the types of body 
signals that can be reliably monitored. Specifically, in the 
garment-integrated wearable configuration the foam 
sensor has been shown to be capable of accurately 
responding to absolute stimuli: detecting the occurrence 
of an event, in a switch-like interface. Further, the sensor 
is able to provide some indication of the magnitude of 
that event, but without a great deal of precision. The 
sensor is well-suited to interfaces where event detection is 
the priority, and where more precise information about 
the event itself is either not necessary or can be provided 
by other means.  

Although this kind of event detection can be achieved by 
other sensors, the main advantage of this particular sensor 
is in its physical qualities. The foam structure retains the 
attractive tactile and mechanical properties of foam, 
which are similar to those of many textiles. Thus, it is 
easily integrated into standard garments without requiring 
any decrease in comfort on the part of the user, and 
without creating any significant visual indication of the 
presence of a sensor. These benefits allow the interface to 
be as subtle and unobtrusive as possible. The sensor is 
also inexpensive, durable, and washable: all attractive 
factors for wearable technology. Further, the wearability 
scenarios to which the sensor is best suited (garment-
integration, minimally invasive sensing) are those in 
which many applications require a lower level of 
precision from body sensing. 



Further study is required to more completely understand 
the capabilities of this sensor for garment-integrated 
wearable technology. In particular, an understanding of 
the conditions under which it can provide a consistent, 
relative response may help to inform the design of a like 
situation in the wearable environment, or to compensate 
for the factors which introduce noise. Further signal 
processing and machine learning techniques may also 
help in the minimization of noise in the sensor response.  
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