
 

 

ABSTRACT 

MERRITT, CAREY REID. Electronic Textile-Based Sensors and Systems for Long-Term Health 

Monitoring. (Under the direction of Edward Grant). 

 

Personalized long-term health monitoring has the potential to improve medicine’s capabilities 

for diagnosing and correctly treating diseases at an early stage.  Recently, progress has been made 

towards producing clothing that is suitable for such long-term monitoring.  This work first reviews 

the current electronic textile based sensors that are used to measure two vital healthcare parameters, 

ECG and respiration.  The techniques used for designing and fabricating these sensors are discussed 

and summarized.  Furthermore, recommendations are proposed in regards to the development of an 

unobtrusive, wireless health monitoring garment.   

The second part of this research involved designing and fabricating two versions of fabric 

based active electrodes to provide a solution for long-term ECG monitoring clothing.  The first 

version of active electrode involved attaching surface mountable components directly to a textile 

screen printed circuit using polymer thick film techniques.  The second version involved attaching a 

significantly smaller active electrode interposer board to a simplified electronic textile circuit.  

Results from ECG tests on the active electrodes indicate that the performance of these new devices is 

comparable to commercial Ag/AgCl electrodes. The interposer based active electrodes were even 

found capable of surviving a five cycle washing test. 

 This research also explores the potential for using capacitive sensing to serve as an 

inexpensive method for long-term respiration sensing.  Two capacitive sensors were designed and 

fabricated for detecting chest or abdominal circumference changes.  These sensors gave good 

linearity, sensitivity, and resolution.  Respiration measurements obtained with these new sensors that 

were implemented into a prototype belt show that they are capable of measuring respiration rate and 

possibly lung function parameters. 



 

 

Finally this research presented a new modular wireless sensor node (MWSN) system for 

health monitoring clothing applications.  The applications for this research involved integrating the 

MWSN into a custom designed ECG belt, a capacitive sensor respiration belt and an activity patch.  

Results obtained from these applications demonstrate that the MWSN is capable of interfacing with a 

diverse selection of health monitoring sensors while maintaining signal fidelity. 
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Chapter 1 

A Review of Electronic Textiles Technologies for Personalized 

Health Monitoring of Electrocardiograms and Respiration 
 

Abstract- Personalized long-term healthcare monitoring has the potential to improve medicine’s 

capabilities for diagnosing and correctly treating diseases at an early stage.  Long-term monitoring 

will detect diseases that are difficult to identify in a clinical setting through conducting physiological 

monitoring over time and by observing differential data changes over time.  Progress has been made 

towards producing clothing for biomonitoring that is suitable for such long-term health monitoring.  

This paper describes how new textile-based electronic sensors for physiological monitoring, are 

designed and fabricated to measure two vital healthcare parameters, ECG and respiration.  The 

techniques used for designing and fabricating long-term health monitoring textile-based sensors are 

discussed and summarized.  The performance metrics of the textile-based sensors reported in the 

literature were found to compare favorably to commercial sensors that are currently available for 

measuring the same two parameters.  Lastly, this paper reviews the state of the art technologies for 

creating sensor-circuit-textile substrate interconnections, i.e., determining the best method of 

attaching electronic hardware onto a textile substrate.  All the technologies reviewed show promise 

towards the development of a long-term telemetric physiological monitoring system intended for 

personalized healthcare use. 
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I. INTRODUCTION 

Recently, there has been a move towards improving individual patient healthcare by 

providing monitoring systems that are safe, effective, patient-centered, timely, efficient, and equitable 

[1]. These aims call for systems that are portable and economic, i.e., affordable systems that are 

located on the patient or user.  The requirement for such systems is that they are designed for long-

term health monitoring.  Additionally, these systems must send critical feedback data to remote 

healthcare personnel while remaining unobtrusive to the patient as they perform their daily activities.  

These features will best be realized by a wearable monitoring system that is integrated into everyday 

clothing.  The current technologies used for developing these wearable health monitoring systems 

have been named “electronic textiles.” 

A wearable electronic textile-based monitoring system must be able to monitor a person 

during daily activity.  This long-term type of monitoring outside of the hospital or clinic will enable 

early diagnosis, prevention, and/or detection of illnesses that go undetected in clinical environments.  

This is especially true when monitoring patients that are considered high health risks, like post-heart 

attack or stroke patients, and monitoring of patients in rural hard to access areas [2, 3].  In being 

wearable, and scalable, such an electronic textile system can also be applied to infants for the 

prevention of sudden infant death syndrome (SIDS) [4].  In addition, a wearable electronic textile-

based monitoring system will decrease the length of time patients stay in the hospital thereby 

reducing healthcare costs.  With reduced healthcare costs, lower income populations, those generally 

without health insurance, will also gain access to healthcare [5].  Furthermore, wearable health 

monitoring systems and remote monitoring will aid first responders and those dealing with 

emergencies, like soldiers on a battlefield.  Therefore, numerous benefits will arise from the 

development of health monitoring systems that are suitably integrated into clothing.  
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Electronic textiles for wearable health monitoring are faced with considerably more design 

and fabrication challenges than the traditional health monitoring devices used in hospitals and clinics.   

Electronic textiles must be flexible, unobtrusive, robust, small, inexpensive, washable, biocompatible 

with skin, and aesthetically acceptable [6].  In addition, the device must require little, or no, technical 

knowledge for proper operation [7].  For instance, the electrodes used for ECG monitoring must be 

integrated into the garment in such a way that electrode placement is not the wearer’s concern, i.e., 

the electrode contacts with the body instantaneously and naturally without a requirement for regular 

adjustment by the wearer.  

Among electronic textiles technologies for wearable health monitoring, there are common 

engineering issues that remain to plague designs.  The most common and important issues are 

electrical interconnections and hardware integration.  Considering that: (1) the interconnections 

between sensors and devices are required to perform like a copper trace on a printed circuit board 

while paradoxically remaining flexible and durable, and (2) the hardware must be integrated into 

clothing so that it is, unobtrusive, washable, and does not impede the garment’s ability to conform to 

body curvatures, these are serious design hurdles to overcome. 

Currently, only a few wearable electronic textile systems for health monitoring have been 

commercialized while several more are still under development.  Commercialized systems like the 

Lifeshirt [8] are still based on removable components that are not an integral part of the garment, e.g., 

commercial wet electrodes for heart monitoring.  These components are removed from the garment 

for replacement when the sensor output becomes degraded and when the garment needs washing.  As 

a result, the removable components complicate the ease of use of the device.  Fortunately, progress is 

being made in electronic textile-based wearable health monitoring.  The most progress has been made 

in ECG and respiration monitoring sensors.  ECG and respiration sensors are becoming washable and 

fully integrated into clothing by using the same manufacturing techniques that are used to produce 



 

4 

textile apparel [9, 10].  These advances show promise for the future development of a wearable health 

monitoring garment that satisfies all the requirements stated above.   

This review of the field concentrates on the recent advances made in producing electronic 

textile-based sensors for measuring ECG and respiration.  In addition, this review summarizes and 

discusses the state-of-the-art in electronic textile technologies for creating sensor interconnects and 

integrating instrumentation hardware into biomonitoring clothing.  Each section identifies the 

materials and methods used for producing sensors and interconnects, and for facilitating the 

associated hardware circuit integration.  

II. ELECTRONIC TEXTILE BASED ELECTROCARDIOGRAM (ECG) ELECTRODES 

Generating an electrocardiogram (ECG) requires the use of electrodes designed to be in 

contact with the human body where these electrodes measure the biopotentials emanating from the 

heart.  The most common types of electrodes that are used in the clinical setting are wet electrodes.  

Wet electrodes unfortunately have several disadvantages, these include: (1)  the adhesive, which 

adheres the electrode to the skin, can cause irritation and eventually result in dermatitis [7], (2) certain 

concentrations of the ionic gel membranes are toxic to the skin causing irritations [7], and (3) the gel 

membranes tend to dry out over time, as the ions become depleted, thereby rendering the electrode 

non-conductive.  The disadvantages of wet electrodes deem them unsuitable for long-term monitoring 

of physiological data, particularly by the research community.  Therefore, they are not useful for a 

patient-centered wearable monitoring garment that is required to measure vital signs over long 

periods of time.  Rather, dry electrodes are commonly used for extended-time applications, because 

they do not suffer from drying out, and because they are biocompatible with the skin.  However, dry 

electrodes interface poorly with the skin making them less desirable than wet electrodes.  In addition, 

the lack of a gel membrane between the electrode material and the skin increases the skin electrode 
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impedance, so dry electrodes are much more prone to motion artifacts and noise, which can 

significantly distort an ECG waveform.   

Table 1. Fabric Electrodes for ECG 

Category Conductive Materials Fabrication Method Group Reference 

Conductive 
Yarns 
 

stainless steel yarn knitting by tubular 
intarsia technique 

WEALTHY 
SMARTEX  

[2, 3, 9-14] 

stainless steel yarn weaving VTAMN [15, 16] 

stainless steel yarn knitting Ghent 
(Textrodes) 

[17-20] 

stainless steel yarn or Ag/AgCl 
coated polyester knitting UMIST [21] 

silver coated polyamide 
multifilament yarn embroidery Fraunhofer IZM [22] 

Conductive 
Rubbers 
 

carbon filled silicon rubber printing, thermal 
molding 

Philips 
Mamagoose 
MyHeart 

[23-25] 

nickel-coated carbon filled 
silicon rubber thermal molding ETRI (Korea) [26] 

silver filled silicon rubber printing, thermal 
molding ITV-Denkendorf [4] 

Conductive Ink silver filled paste screen printing NCSU  [27] 

 

Despite the problems with dry electrodes, they are used almost exclusively in today’s 

wearable biomonitoring clothing.  Dry electrodes have become widely used in health monitoring 

because they are easy to fabricate and integrate into clothing.  Well established textile manufacturing 

techniques such as knitting, embroidering, weaving, and sewing, are all used to fabricate such 

electrodes.  Table 1 catalogs textile-based dry electrode development and use, and in addition it 

provides the reader with information related to the associated research group or company that 

developed the dry electrode technology listed. The table also outlines the materials and methods of 

fabrication for each variation of dry textile electrode.  The following section describes how two 

commonly available textile technologies are used to produce electrodes for integration into electronic 

textiles based on their conductive properties. These technologies are: conductive yarns and 

conductive rubbers. 



A. Conductive Yarns 

Dry textile electrodes for ECG are fabricated from materials such as conductive yarns, 

conductive rubbers, and conductive inks.  The most popular type of material used to produce a fabric 

electrode is stainless steel yarn.  For example, the SMARTEX and WEALTHY projects have 

fabricated stainless steel textile electrodes by using the tubular intarsia knitting technique [2, 9, 10, 

13, 28].  This method was utilized to produce a double-faced electrode, i.e., the inside material facing 

the skin was made from stainless steel yarn while the outside material was a non-conductive yarn 

used to insulate the electrode from the external environment [2, 9, 10, 13, 28].  Figure 1a shows the 

electrode and how the electrode is integrated into a tight fitting garment.  

                  

                                                                     (a)                                                                 (b) 

 

(c) 

Figure 1. Textile based electrodes (a) stainless steel knitted electrodes [28] (b) silver filled silicon rubber electrodes 

printed on integrated belt [4] (c) NuMetrex electrode made from knitted conductive yarn [29]. 
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Knitted stainless steel electrodes offer several benefits: (1) the electrodes and interconnects 

can be fabricated by the same process, which saves time and money and leads to the production of 

garments using a common industrial process [9, 10], (2) the stainless steel yarn has the added benefit 

of being biocompatible with the skin due to its inert characteristics so long-term exposure of the skin 

to the metal should not produce any skin allergic reaction or dermatitis, (3) the electrodes and 

interconnects are durable and machine washable, and (4) the electrodes are fixed into the garment in 

such a way that no knowledge of electrode placement or preparation is required unless hydro-gel 

membranes are used.    

Unfortunately, the stainless steel knitted electrodes fabricated by the WEALTHY and 

SMARTEX projects are not perfect.  These electrodes have a rough stainless steel surface, so long-

term contact between the electrode and skin results in skin irritation caused by mechanical abrasion 

[10].  Also, like most dry electrodes they suffer from motion artifact especially during activity due to 

higher skin-electrode impedances [9, 10].  To reduce the effects of the artifacts the electrodes were 

covered with a hydro-gel membrane to improve the performance of the electrode during activity [10].  

The hydro-gel membrane protects the skin from the electrode’s rough surface while simultaneously 

reducing the skin-electrode impedance.  However, the tradeoff with the hydro-gel membrane is the 

additional preparation time that is required due to the fact that each membrane must be replaced after 

use because they cannot be washed. Also, since they do not actively hydrate the skin, hydro-gels are 

still prone to motion artifact [7].  Furthermore, knitted electrodes stretch with body movement so the 

impedance properties of the electrode and skin-electrode interface changes, thereby distorting the 

recorded waveforms.  A final disadvantage with these electrodes is that the breathability of the knitted 

electrode prevents significant sweat buildup.  As a result, the knitted electrodes tend to have higher 

skin-electrode impedances and, thus, produce greater noise and motion artifacts during ECG 

monitoring.  
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B. Conductive Rubbers 

Another noteworthy material used for electronic textile-based ECG electrodes is conductive 

rubber.  The conductive rubbers used for electrodes on textiles are a silicon rubber impregnated with a 

conductive material like carbon, silver or metal-plated glass particles.  These materials are 

commercially available and are mainly intended for applications like EMF shielding and conductive 

gaskets.  They can be applied to textiles using coating technologies like dispensing, printing, and 

stenciling.  

There are several advantages associated with using conductive rubber electrodes on textiles: 

(1) conductive rubber electrodes are durable and washable [23], and re-usable, (2)  carbon and silicon 

materials are biocompatible, so these types of electrodes can be used for long periods of time [24], (3) 

the rubbery surface of the electrode provides a smoother and more uniform contact surface with the 

skin, so these electrodes are more comfortable than the rough stainless steel electrodes, (4) silicon 

rubber traps sweat which helps to reduce the skin-electrode impedance, and thereby reduces their 

susceptibility to motion artifacts and noise, and (5) conductive rubber electrodes are thin, flexible and 

the materials are commercially available in a form that can be easily applied to a variety of substrates.   

Figure 1b shows conductive rubber electrodes that were made from a silver-filled silicon rubber for 

an infant monitoring garment [4]. 

There are also a few disadvantages associated with using conductive rubber to fabricate 

electrodes: (1) metals like silver in silicon rubber will corrode over time, due to exposure to the salt 

found in sweat, (2) the conductive rubber must be applied to the garment after the electronic textile 

interconnections are made because bonding to a conductive rubber is more difficult after it has cured 

[26], (3) conductive rubber based electrodes must be held firmly against the skin, which oftentimes 

causes discomfort, and (4) metals such as nickel can be skin irritants and are known to produce skin 

allergies.  
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III. ELECTRONIC TEXTILE BASED RESPIRATION SENSORS 

Respiration monitoring is a valuable method for diagnosing many diseases related to the heart 

and lungs.  In the clinical setting, respiration monitoring is useful for detecting pulmonary disease, 

heart failure, anxiety disorders, and sleep disorders.  Unfortunately, reliable methods of measurement 

hardly exist for home and ambulatory monitoring [30].  Since some disorders, like chronic obstructive 

pulmonary disorders, are difficult to diagnose in the clinic, a reliable wearable device for home and 

ambulatory monitoring would increase the chances of detecting, diagnosing, treating, and preventing 

the sudden onset of such illness and disease.  Other potential disorders that would benefit from the 

development of home and ambulatory respiration monitoring include the detection of symptoms that 

lead to sudden infant death syndrome (SIDS) [25] and from asthma [31].   

Table 2. Electronic Textile Based Respiration Sensors 

Category Conductive 
Materials 

Fabrication 
Method Type Form Group References 

Conductive 
yarns 

Conductive yarn 
(Belltron®9R1) 

knitting by 
intarsia technique piezoresistive Elastic strips 

SMARTEX 
WEALTHY 
Pisa 

[13, 14] 

Stainless steel yarn knitting by tubular 
intarsia technique 

impedance 
pneumography Fabric Electrodes

SMARTEX 
WEALTHY 
Pisa 

[9, 13, 14] 

Stainless steel yarn embroidery inductive 
plethysmography 

Coil in sinusoidal 
pattern VTAMN [15, 16] 

Stainless steel yarn knitting 
inductive 
plethysmography / 
piezoresistive 

Knitted coil Ghent (Respibelt) [17, 18] 

Conductive 
Rubbers Carbon filled rubber printing stenciling piezoresistive Elastic strips 

SMARTEX 
Pisa 
ITV-Denkendorf  

[4, 9, 28, 
32] 

Conductive 
Polymers Polypyrole 

chemical deposit 
on Lycra plus 
electrochemical 
deposit 

piezoresistive Elastic strips MIT [33] 

 

The parameters of interest for respiration are minute ventilation volume, respiration rate, and 

peak-expiratory flow [30].  Another important parameter in respiration monitoring is the phase 

relationship between the rib cage and the abdomen, which is known as thoracoabdominal 



coordination [34].  The three main methods of respiration monitoring are: impedance pneumography, 

inductive plethysmography, and piezoresistive monitoring. The sensors for each method are discussed 

in more detail below in the context of the current electronic textile based sensors listed in Table 2.  

A. Impedance Pneumography 

Impedance pneumography is the long-established standard method to measure respiration 

[34].  This method injects a low current and high frequency sinusoidal signal between two electrodes 

located on the chest.  The resulting voltage drop is measured to determine the impedance value across 

the chest or rib cage during breathing.  This technique has successfully been implemented as an 

electronic textile version in [13, 14].  The electrodes used in this technique are identical to the 

stainless steel knitted electrodes designed for ECG measurement, i.e., it uses the same tubular intarsia 

technique described earlier.  Figure 2a, shows a garment which includes both knitted ECG and 

impedance pneumography electrodes (circled) integrated directly into the garment.  The results for 

impedance pneumography are shown in [9] and match well with commercial systems of the same 

type.  

 

(a) 

 

(b) 

Figure 2. Electronic textile based respiration sensors (a) Garment with integrated Impedance Pneumography 

electrodes (circled) [9] (b) Inductive Plethysmography embroidered coil in sinusoidal pattern [15]. 
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The electrodes used in impedance pneumography are the same dry electrodes used for ECG 

so they encounter the same problems associated with skin-electrode impedance, skin irritation, and 

limited long-term use due to electrode degradation.  In general, this method is limited to measuring 

only chest-wall movement with no direct relationship to the actual lung volume [34].  Since 

impedance pneumography cannot measure changes in abdominal geometry, assessment of 

thoracoabdominal coordination is not possible [34].  As a result, central or mixed apnea cannot be 

distinguished from obstructive apnea in sleep disorder studies [34].  Therefore, the usefulness of 

impedance pneumography is rather limited.  Instead new methods like inductive plethysmography are 

being implemented which address many of the problems just stated. 

B. Inductive Plethysmography 

According to Grossman “inductive plethysmography provides the new gold standard for non-

invasive assessment of respiratory patterns” [30].  Inductive plethysmography measures respiration 

metrics through the use of an inductive sensor that changes values of inductance when stretched 

across the chest or abdomen.  The inductive sensor, usually in the form of a belt, consists of a wire 

configured into a sinusoidal pattern.  When stretched, the sinusoidal pattern straightens giving a 

corresponding reduction in the inductance in the wire.  Thus, changes of inductance provided by the 

sensor relate directly to the changes in cross-sectional area of the rib cage or abdominal regions.  A 

major benefit of using inductive plethysmography over impedance pneumography is that the sensors 

can measure the movement of the rib cage and abdomen simultaneously allowing a phase 

measurement to assess thoracoabdominal coordination [34].  Unlike impedance pneumography 

sensors, inductive plethysmography sensors are not electrically connected to the body, so problems 

with electrode motion artifact are non-existent.  Because this problem is removed through using 

inductive plethysmography, it has a “higher degree of accuracy” than impedance pneumography with 

“less signal interference and distortion” [34].  
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There are only a few examples of electronic textile based inductive plethysmography sensors 

given in current literature.  The VTAMN project fabricated an embroidered coil from stainless steel 

yarns on an elastic substrate as shown in Figure 2b [15].   Figure 2b shows the sinusoidal pattern that 

forms the inductive displacement sensor.  Another example of a inductive plethysmography sensor is 

the “Respibelt” [17, 18].  The Respibelt is a sensor belt made from Lycra, which contains a knitted 

coil fashioned from stainless steel yarn.  When stretched, the knitted coil produces a change in both 

its resistance and inductance.  M. Catrysse, et al [17, 18] designed their sensor to include both 

changes in resistance and inductance because inductive plethysmography does not “directly” measure 

cross-sectional area.  The change in resistance allows the sensor to act as a piezoresistive sensor as 

well as an inductive sensor.  

C. Piezoresistive Respiration Sensor 

The most commonly used respiration sensor in electronic textile monitoring garments is the 

piezoresistive type of sensor.  The wide use of piezoresistive respiration sensors is mainly due to the 

simplicity of their design.  Also, if respiration rate over the long-term is the only parameter of interest 

then there is no significant difference between using piezoresistive sensors and inductive 

plethysmography sensors [18].  Piezoresistive sensors found in electronic textiles are commonly 

constructed from conductive elastic coatings, or knitted conductive yarns, whose resistance changes 

when stretched.  The sensor is usually in the form of a rectangular strip that runs across the chest or 

abdomen.  Like inductive plethysmography, piezoresistive respiration monitoring can also measure 

thoracoabdominal coordination.  The material most successfully used for a piezoresistive respiration 

sensor is carbon filled rubber [4, 9, 28, 32].  Carbon filled rubber is fabricated into a respiration 

sensor by printing or stenciling the material into the form of a strip onto an elastic fabric like Lycra.  

The Smartex and WEALTHY projects and the University of Pisa have collaborated to fabricate  
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carbon filled rubber respiration sensors that have accuracies comparable to the expensive respiration 

sensors used in clinical studies [35].  

Conductive polymers like polypyrrole (PPy) have also been used for piezoresistive 

respiration sensors.  However, PPy fabric sensors are not well suited for respiration monitoring 

because they suffer from two major problems: (1) they are chemically unstable, therefore the sensor 

resistance is inconsistent; e.g., resistance can change with time [35], (2) PPy-coated sensors have long 

response times, i.e., the sensor takes several minutes to reach a steady state [35].  For these reasons 

alone conductive polymers have not been widely used for respiration sensors. 

IV. ELECTRONIC TEXTILE INTERCONNECTION METHODS 

Electrical interconnection is one of the most vital components in a circuit.  Interconnection 

provides the electrical pathway between devices and sensors and makes up the largest part of the 

circuit.  Consequently, the majority of electronic textile research has been devoted to finding methods 

that provides suitable electrical interconnections on textiles.  These methods range from conventional 

textile manufacturing like weaving, knitting, and embroidery to applying printed circuit techniques on 

fabrics.  The materials used for electrical interconnections on textiles are listed in Table 3 along with 

examples and their method of application.    

Currently, the most common interconnect methods utilized from Table 3 are embroidery, 

weaving, and knitting of conductive yarns.  Embroidery termed ‘e-broidery’ for electrical embroidery 

on a textile was first introduced by [36].  A novelty to using embroidery is the fact that the process 

can be automated.  This is entirely due to the fact that stainless steel composite yarns can be handled 

by embroidery machines.  The embroidery machine can be programmed with a CAD design of the 

desired circuit, and it replicates the circuit design under computer control, see Figure 3a.  While still 

incapable of embroidering fine printed circuit features, embroidery can make interconnects between 
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electrical modules and sensors [22, 36, 37].  Researchers have successfully embroidered both 

stainless steel composite and silver coated polyamide electrical interconnects that are washable, 

durable, corrosion resistant, and conform to the body.  The main disadvantage to embroidery is the 

associated high resistance encountered and the difficulty found in connecting conductive lines with 

electrical devices [22, 37].   

Table 3. Electrical interconnections in wearable electronics 

Material Example Material Methods 

metallic fabric silk organza stitching, sewing, weaving [38] 

metalized fabric copper, silver plated,  stitching, sewing, electroless plating, fabric 
etching [39] 

conductive yarn stainless steel, silver coated 
polyamide multifilament yarn 

sewing, weaving, knitting, embroidering [37] 

conductive elastic yarn Textro-yarns™ [29] weaving, knitting 

fine wire PETEX, magnet wire weaving [40] 

conductive polymer polypyrole, polyanaline stenciling [32] 

conductive rubber carbon filled silicone rubber stenciling [32] 

conductive ink carbon, silver, copper, gold inks screen printing [40], inkjet printing, stenciling 

 

Instead of embroidering conductive yarns into textiles, researchers in [40-42] found a way to 

incorporate fine wires into woven fabrics to produce textile transmission lines.  The latest version of 

this wire is termed “PETEX” and is manufactured by Safar Inc.  PETEX is a hybrid woven wire, 

since it uses both 50 µm copper polyurethane coated wires and PET yarns [40].  Figure 3b is an 

illustration of the PETEX concept where the hybrid wire is woven in both warp and weft directions.  

One advantage of weaving the wires in both directions is the potential to have redundant connections 

in the event of damage to areas of circuitry.  In addition, the DC resistivity of the woven wires is 

relatively low much like traces on printed circuit boards.  However, the inclusion of a rigid wire has 

disadvantages, due mainly to the restricted orientation of the wires in a matrix form.  As a result, there 

is limited control over the geometry of the conductors due to the wire diameter and the warp and weft 

dimensions [40, 41].  Since this type of weaving is limited to small wire diameters, wires with 10 mA 



current capabilities, care must be taken in respect of the circuit design, so that power can be 

distributed appropriately throughout the circuit [40].  Also, woven structures with PET and fine wire 

will display poor elasticity compared to knitted fabrics. 

 

  

(a) (b) 

 

(c) 

 

(d) 

 

(e) 

Figure 3. Electronic textile interconnections (a) examples of embroidery using conductive yarns showing controllable 

patterns: MIDI Jacket with e-broidery [36] (b) woven fabric with insulated copper wire [40] (c) knitted conductive 

tracks and sensors from WEALTHY project [10] (d) screen printed circuit on nonwoven fabric [27] (e) conductive 

fabric etched printed circuit [39]. 
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The weaving and knitting of conductive yarns has become one of the most popular methods 

of forming an electrical interconnect on a textile substrate, and these techniques are now challenging 

embroidery in terms of consistency and reliability.  Conductive yarns are primarily knitted into 

clothing as opposed to weaving.  For example, [3, 10, 13] have knitted stainless steel yarn electrical 

interconnects using the tubular intarsia technique.   These electrical interconnections or ‘tracks’ are 

shown in Figure 3c.  

Other methods that are commonly found in traditional printed circuit board manufacturing 

processes have found recent use for textile interconnects.  Methods such as screen-printing, stenciling 

conductive inks, and fabric etching, are now commonly applied in research associated with electronic 

textiles.  The most popular form of printing interconnects has been to screen-print silver filled pastes 

onto wovens [40] or nonwovens [43].  Researchers at ETH Zurich [40] have screen-printed textile 

transmission lines onto woven fabrics to evaluate their potential to serve as 50 Ω transmission lines 

and to produce textile antennas, see Figure 3d.  Their results show that the screen-printed textile 

transmission lines perform much better than the woven fine wire fabrics that they had previously 

produced and tested [40].  

Screen-printing has a major advantage over most deposition techniques because the geometry 

of the circuit design and thickness of the printed material can both be controlled to fine tolerances 

[40, 43].  Screen-printing is also advantageous because it has the ability to print circuits that are 

similar to traditional printed circuit boards.  Figure 3d shows an example of a screen printed circuit on 

a nonwoven textile, which forms a basic voltage follower for an active electrode [27].  In addition, the 

ability to screen-print electronic circuits onto textiles allows the designer to utilize and adapt well-

understood manufacturing processes from the electronics manufacturing industry, e.g., processes that 

have been used in the polymer thick film industry for years.  Furthermore, screen-printing polymer 
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thick films onto textiles enables printing sensors directly on the textile surface using the same process 

to create the circuit.   

Another printing method that has been used for producing textile interconnections in 

electronic textiles is stenciling, or printing with a mask.  D. DeRossi et al [13] have used an adhesive 

mask to print carbon filled silicon rubber interconnects and sensors onto Lycra fabrics.  However, 

experimentation showed that this type of interconnect suffered from a piezoresistive change caused 

primarily by stretching during body movement [13].  Other conductive materials, e.g., silver pastes or 

conductive adhesives, can also be applied with a stencil.  These materials may be necessary when 

thicker and smoother coatings are desired and screen-printing is not option.  

Noble Biomaterials developed CircuiteX™ [44], a method that closely resembles the 

traditional printed circuit board approach.  This method uses ‘fabric etching,’ which involves etching 

a silver coated fine tightly woven nylon fabric, to form a fabric circuit [39].  An example of a circuit 

they produced is illustrated in Figure 3e.  The advantage of fabric etching is that the entire circuit can 

be printed using well-known printed circuit processing techniques [39].   

V. HARDWARE INTEGRATION AND PACKAGING ON TEXTILE CIRCUITS 

There are numerous difficulties associated with attaching electrical components to a garment: 

(1) nearly all fabrics are made from polymers, which have a melting temperature well below the 

typical soldering temperatures; meaning high temperature soldering is not an option for attaching 

components, (2) most wearable computer systems, those that have incorporated electrical components 

into clothing, lose their flexibility and do not drape naturally on the body [36, 41], and (3) electrical 

components must be connected in such a way that they are safe from environmental factors like 

moisture, and that they remain attached and electrically connected to the textile substrate after the 

garment has been washed [6, 36].   
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Recently, these issues have been challenged by several solutions that move towards 

integrating hardware into clothing.  These attempts have resulted in several plausible approaches for 

integrating electronics into textiles for wearable computing applications.  The best defined approaches 

are: (1) direct electrical component attachment and (2) custom module/interposer design and 

attachment. 

In direct electrical component attachment, the electrical components are placed onto the 

fabric and bonded using low temperature solders, micro spot-welding [36], or conductive adhesive 

[45].  Using low temperature solders introduces an additional problem, biocompatibility, due to the 

risk of the body being exposed to the lead in solder.  Also, both soldering and micro-spot-welding 

require time to complete thereby increasing the processing time, i.e., attention must be given to each 

individual lead on every component.  Conductive adhesives have the advantage of being processed 

instantaneously.  Using conductive adhesives also allows component placement by commercial pick-

and-place machinery.   

The components that are used for direct electrical attachment to a textile are commercially 

available devices that come in molded packages so that they are protected from the environment and 

can easily be handled by pick-and-place machines.  One of the drawbacks for using the device in 

molded package form is that the lead pitch is generally too small for the feature sizes that 

technologies like screen-printing can produce.  In general, packages with a fine pitch footprint are a 

challenge when it comes to direct connection onto a textile, due to the limited circuit pattern 

capabilities.  As a result of the difficulties found with directly connecting components to electronic 

textiles, researchers have developed custom modules or interposers to address these problems. 

An example of a custom module or interposer for electronic textiles is the flexible multichip 

module (MCM) presented in [36].  The flexible MCM, Figure 4a, is a complete circuit for a PIC 

microcontroller system design [36].  The external electronic textile connections to the MCM were 
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formed by drilling holes in the centers of the pads and pressure fitting the pad to electronic 

embroidery interconnects.  Another example is found in [36, 46] where they have developed a 

package analogous to the plastic leaded chip carrier used in surface mount components called the 

plastic threaded chip carrier (PTCC), Figure 4b.  The PTCC was proposed to include a die from an 

integrated circuit and use wire bonds to connect to a leadframe as shown in Figure 4b.  Instead of 

using traditional leads for the PTCC, they micro spot-welded 100% stainless steel threads to the 

leadframe.  Once they completed this process, the entire PTCC was encased in epoxy resin with the 

exception of the stainless steel threads. The threads were covered by embroidered traces or they were 

woven into the fabric.  The PTCC is a complex design and the labor required to connect the package 

with existing circuitry is considerable.   

Other flexible circuit interposers have been developed more recently for electronic textiles 

[22, 37, 47].  These flexible interposers are very similar to the MCM device presented previously 

because they incorporate the entire circuit onto one module.  The flexible interposer, Figure 4c, 

developed by [22, 37, 47] is fabricated from a 25 x 25 mm, 50 µm double-sided polyimide circuit 

with a nickel-gold flash finish and a solder resist coating [37].  The flexible interposer design includes 

large pads along the perimeter to interface with the textile circuitry. The method of interconnecting 

their embroidered textile circuitry with the module requires embroidering directly through the larger 

perimeter pads.  T. Linz et al  [37] found that if they allowed the embroidery machine to punch 

directly through the pad it produced the most reliable method of forming an interconnection.  Finally, 

the entire module was encapsulated by molding a commercial glob top material to provide 

environmental protection and withstand machine-washing.  Extensive reliability testing has shown 

that they are capable of washing the flexible interposer five times even without the encapsulation 

[37].  



               

                                                                        (a)                                              (b) 

                              

                                                                 (c)                                                      (d)                                      

                 

                                                                          (e)                                                                    (f) 

Figure 4. Electronic textile hardware integration and packaging (a) flexible multichip module (MCM) (b) plastic 

threaded chip carrier (PTCC) [36, 46] (c) application dependent flexible interposer attached to fabric showing 

conductive tracks directly embroidered through pads [37] (d) interposer islands concept with woven copper wire 

fabric circuit [40] (e) Application independent interposer designed for woven copper wire fabric [40] (f) 

Encapsulated interposer using glob-top encapsulant [40] 

The flexible interposer described in [37] has several advantages in regards to use in electronic 

textiles: (1) the circuit is fabricated by using traditional flexible printed circuit techniques that enable 

the use of fine line features, (2) these smaller circuit features permit the use of smaller lead pitch 

components, thereby increasing the circuit density for a given area, and (3) more functionality can be 

packed into considerably smaller areas.  The circuit in [37] also uses flip-chip chip die instead of 

larger SMD packages.  The flip chip ICs are chip die that are processed with their face down so that 

the circuit’s bond pads make direct contact with the ICs pads.  This method is advantageous because 

the pads are connected all at once and the overall device height is reduced since there are no wire 
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bond loops above the IC. Current disadvantages include, components are difficult to obtain in 

wafer/die form, and the die pad spacing is usually not suited for flip chip assembly.   

Recently, [40] made progress on designing custom modules, or interposers, for attachment to 

their woven wire fabrics (PETEX) that was described previously.  Instead of designing an application 

specific module, [40] developed an application independent interposer that could take a device with a 

specific footprint and enable the device to electrically connect to the grid or matrix of fine wires 

woven into the textile.  The overall concept of the interposer integrated with its fabric circuit is shown 

in Figure 4d.  The bottom side of the interposer, left image in Figure 4e, has pads that are optimized 

so that they line up with the fabric wires.  Once attached to the fabric by forming laser-ablated via’s 

underneath the interposer, the interposer is encapsulated, Figure 4f, with a glob top encapsulant by 

automated dispensing methods.   

The interposer developed by [40] is a novel method for enabling circuits to integrate into a 

woven textile circuit using fine wires.  One concern with this technology is that the number of 

application independent interposers could be relatively large depending on the application.  Thus, an 

application dependent interposer is more advantageous due to its ability to confine functionality to a 

small area and require a reduced number of external electronic textile interconnections that have to 

resist mechanical wear and other environmental factors.  

VI. CONCLUSIONS AND FUTURE OUTLOOK 

This review presented current progress on electronic textile based sensors for ECG and 

respiration monitoring.  These sensors were designed for use in wearable health monitoring garments 

to provide a patient-centered form of healthcare that could expand medicine’s capabilities for early 

diagnosis and prevention of disease.  The use of such sensors in a long-term monitoring garment will 

contribute towards the detection of diseases that are difficult to detect in the clinical setting.  In this 
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review, the materials and methods of fabrication for each type of sensor were summarized to help 

facilitate the knowledge of electronic textiles that are useful for health monitoring.  According to this 

review, significant progress has been made in wearable monitoring, but these sensors still have room 

for improvements.  

Considerable improvements have been made in both sensing and electronic textile 

interconnects.  By simplifying the manufacturing process, these technologies are showing progress 

towards the realization of a commercialized system.  However, major advances in electronic textiles 

are still required to create an entirely ubiquitous device that can stand up to all of the challenges faced 

by both printed circuits and textiles.  

Improvements in hardware integration will be a necessity to embed circuits into garments. 

Problems with bulky devices still exist since most devices consist of conventional components that 

utilize large molded packages.  One foreseeable solution to hardware integration will be minimizing 

the system design by using custom system-on-chip SoC and system-in-package SiP technologies 

attached to thin interposers.  The use of chip thinning techniques in addition to SoC and SiP will 

decrease the profile such that circuitry could be embedded into a textile without being noticeable.  

Power supplies are also another big area for improvement to hardware integration.  Flexible Lithium-

polymer and Lithium ion batteries are becoming thinner and smaller so that they might eventually be 

integrated into clothing as a tag or a patch.  

Finally, wireless telemetric systems will play a huge role in the success of health monitoring 

clothing.  The system must be designed for long-term health monitoring such that it can transmit 

critical feedback to remote healthcare personnel.  Furthermore, this system must remain unobtrusive 

to the subject to permit activities of daily living.  These features will best be realized by an electronic 

textile based wearable monitoring system that utilizes a modern telemetric communication 

infrastructure.   
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Overall, there are many challenges to overcome in order to realize a practical and marketable 

electronic textile based vital signs monitoring system.  These challenges range from improvements 

with electronic textiles fabrication techniques to the development of a wireless telemetric network 

that could reliably place patient information in safe hands for professional observation and diagnosis.  
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Chapter 2 

Nonwoven Fabric Active Electrode Design and Fabrication for 

Long-Term Health Monitoring 
 

Abstract— In this paper, two versions of fabric based active electrodes are presented to provide a 

wearable clothing solution for long-term ECG monitoring.  The first version of the active electrode 

involved direct attachment of surface mountable components to a textile screen printed circuit using 

polymer thick film techniques.  The second version attached a much smaller, thinner, and less 

obtrusive interposer containing the active electrode circuitry to a simplified textile circuit.  These 

designs explored techniques for electronic textile interconnection, chip attachment to textiles, and 

packaging of circuits on textiles for durability.  The design also utilized a stress relief pattern of 

circuit encapsulation to prevent excessive stresses from harming the electronic textile 

interconnections during wear or washing.  In addition, the electrode material, carbon rubber, was 

carefully selected for the active electrodes by analyzing the skin-electrode impedance of several 

textile integrated electrode alternatives.  Results from ECG tests on the active electrodes indicate that 

the performance of these new devices is comparable to commercial Ag/AgCl electrodes used for 

acute care.  The performance on the interposer based active electrodes was also tested after enduring a 

five cycle washing test.  
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I. INTRODUCTION 

Electrocardiogram (ECG) technology requires the use of electrodes designed to measure the 

biopotentials emanating from the heart.  When wet electrodes are used in chronic applications, they 

“dry out” which degrades their contact with the skin.  Acute-care electrodes use adhesives or gel 

membranes, and can cause serious skin irritation and in certain instances, dermatitis. For long-term 

monitoring, dry electrodes are commonly employed.  Dry electrodes are constructed using materials 

that are generally biocompatible with the skin.  Because dry electrodes are more suited to long-term 

monitoring they are used almost exclusively in the electronic textile-based wearable monitoring 

clothing that has been developed to date.  Table 1 lists many of the current electronic textile dry 

electrodes found in the literature.  

 
Table 1. Fabric Electrodes for ECG monitoring clothing 

Category Conductive Materials Fabrication Method Type Group Reference 

Conductive 
Yarns 
 

Stainless steel yarn knitting by tubular intarsia 
technique dry / hydrogel WEALTHY 

SMARTEX  
[1-8] 

Stainless steel yarn weaving dry VTAMN [9, 10] 

Stainless steel yarn knitting dry Ghent (Textrodes) [11-14] 

Stainless steel yarn or Ag/AgCl 
coated polyester knitting dry / wet UMIST [15] 

Silver coated polyamide 
multifilament yarn embroidery dry / hydrogel Fraunhofer IZM [16] 

Conductive 
Rubbers 
 

Carbon filled silicon rubber printing, 
thermal molding dry 

Philips 
Mamagoose 
MyHeart 

[17-19] 

Nickel-coated carbon filled 
silicon rubber thermal molding dry ETRI (Korea) [20] 

Silver filled silicon rubber printing, 
thermal molding dry ITV-Denkendorf [21] 

 
 
The electronic textile based electrodes presented in Table 1 meet several of the guidelines 

established by McAdams [22].  According to [22], electrodes used in wearable monitoring should: 

1. Require no skin preparation. 
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2. Be located in the desired position without requiring adjustment. 

3. Make good electrical contact with the skin. 

4. Not be susceptible to motion artifacts. 

5. Not cause discomfort or skin irritation problems. 

6. Be reusable and machine-washable. 

 
The sensors cataloged in Table 1 satisfy, in part, some of these requirements listed above. 

However, the most important requirements for using dry electrodes, such as electrical contact with the 

skin and motion artifacts, remain problematic and these must be solved if health monitoring garments 

are used in ambulatory monitoring over long periods of time.  Many of the groups listed in Table 1 

used hydro-gel membranes to solve the issues related to skin-electrode contact with dry electrodes.  

The approach used by these groups requires the wearer to individually replace hydro-gel membranes 

on each electrode when the existing hydro-gel membrane no longer functions to specification.  

Bringing the user into the loop in this way is not desirable, since it requires the user to have a 

“knowledgeable involvement” with these devices [22].  Other methods for reducing noise in dry 

electrodes includes increasing the electrode size and having the user wear a tight fitting garment, 

since the electrodes require firm placement against the skin.   

Dry electrodes suffer from noise generated from motion artifacts and power line interference.  

One common solution that is used to suppress noise in dry electrode signals is a buffer amplifier.  A 

buffer amplifier is essentially an impedance converter, one that converts a high impedance signal to a 

low impedance signal [23].  Now, whereas, high impedance signals are very susceptible to both noise 

and motion induced artifacts in signal paths, a low impedance signal is virtually unaffected by either 

of these artifacts [24].  As a result, implementing a simple buffer amplifier at the electrode site 

reduces the signal impedance and prevents noise generation.  A dry electrode is also susceptible to 

noise interference from having higher skin-electrode contact impedance than a wet electrode.  Again, 
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by introducing a buffer amplifier into the circuitry the effective skin-electrode contact impedance will 

be reduced, which produces an associated reduction in the intensity of the impedance mismatch 

between electrodes [25].  The impedance mismatch between electrodes is known to produce a 

differential common mode voltage that can easily saturate the instrumentation circuitry thereby 

rendering the recorded signals useless [25].  

Earlier research by our group implemented buffer amplifiers with fabric-based active 

electrodes [26].  Fabric-based active electrodes were produced by screen printing a buffer circuit and 

electrode onto a nonwoven textile.   Thereafter, the electrical components were directly adhered to the 

fabric to produce the necessary circuitry. Early results from this research demonstrated promise 

towards developing a resilient active electrode for utilization in a wearable health monitoring 

garment.  The work presented in this paper reports our recent progress in optimizing the design and 

fabrication of fabric-based active electrodes including: reducing the circuit size, improving the 

electrode performance, and implementing a washable design. 

II. DESIGN AND FABRICATION 

The two major components of an active electrode are the electrode and its associated 

amplifier.  Since the major task of an active electrode is to act as an impedance converter, for 50/60 

Hz power line noise reduction, the performance of an active electrode depends, to a large extent, on 

the active electrode’s interface with the skin.  In this section the performance of dry electrodes is 

studied.  The most common problems found with dry electrodes are: (1) slipping on skin, (2) skin 

stretch, (3) shape (geometric) change, and (4) maintaining a constant relative pressure between the 

electrode and the body.  These problems are likely to intensify when dry electrodes are integrated into 

textiles due to inherent textile characteristics like breathability and stretch-ability.  Several 

commercially available dry electrodes are reviewed in the following section to determine the 
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influence of material characteristics on fabric-based electrodes, and to aid in electrode material 

selection for the design of novel active electrodes. 

A. Fabric Electrodes 

Typically, the electrodes that are used in current health monitoring garments are dry 

electrodes.  Unlike commercially available wet electrodes, dry electrodes can be produced as part of 

the garment from materials such as conductive yarns, conductive rubbers, and metalized fabrics.  

These materials themselves are wearable, washable, reusable, and biocompatible with the skin, so 

they are well suited for long-term use in health monitoring garments.  As indicated in Table 1, there 

are several different textile-based electrodes that are available for health monitoring clothing.  In this 

research, it was decided that the characteristics of five fabric-based dry electrodes should be studied 

for possible use as textile-based active electrodes.  The electrodes chosen for a comparative study are 

listed below:  

 
• Screen Printed Silver (Creative Materials CMI 115-12) on Evolon® 100 g/m2 

• Silver Silicon Rubber (Emerson & Cumming - ECCOSHIELD® SVR) 

• Carbon Silicon Rubber (Tyco Healthcare Uni-Patch Re-flex® EC89440/691) 

• Knitted (Numetrex sports bra) 

• Ag/Ni Metalized Rip Stop (110EN Swift Textile Metalizing LLC) 

 
These five electrodes were compared quantitatively, by examining the skin-electrode 

impedance of each electrode.  The skin-electrode impedance gives a useful insight into the 

performance of an electrode.  Typically, electrodes with higher skin-electrode impedances exhibit 

higher vulnerability to motion artifacts, line noise, and larger DC-offsets [25].  Details related to 

understanding the skin-electrode impedance phenomenon, and a skin model, can be found in [27].  
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1) Skin-Electrode Impedance Measurements: 

Skin-electrode impedance is measured by passing a small AC current through electrodes 

placed on the body and over a range of frequencies.  The magnitude and phase of the resultant 

potential difference generated across two electrodes is measured and recorded at each frequency.  In 

these tests the electrodes used for measuring skin-electrode impedance are organized in either a two 

or three electrode configuration because the classical four electrode technique is used to measure the 

impedance of the body [25, 28].  Time also plays an important part in the measurement of impedance 

because of the transients associated with the electrodes, i.e., time must be allowed for the signals to 

reach a steady state.  Dry electrodes especially exhibit higher impedances upon initial application, 

because sweat buildup serves as an electrolyte.  Depending upon the composition of the electrode, 

some electrodes can exhibit much higher impedances immediately after they are applied, and they can 

take a long time to reach a steady state.  The time required to reach a steady state is a concern, 

especially when the electrode is disturbed, because an electrode that takes a long time to reach its 

target impedance will also typically take a long time to re-stabilize once it is disturbed from its 

equilibrium state.  As a result, any ECG data recorded during the period immediately after a dry 

electrode has been disturbed will be distorted with low frequency noise.   

The electrodes under study were evaluated by quantifying their skin-electrode impedances.  

The experiment designed for carrying out the impedance measurements uses the three electrode 

technique found in [28], see Figure 1.  The system uses a National Instruments card PCI-6024E for 

signal generation, channel control, and signal capture.  The applied input signal, a programmable 1V 

sinusoidal signal, is generated using a 12-bit DAC with a 10ksps sample rate.  Since the low sample 

rate of the DAC produces a staircase output at the higher frequencies, a restoration filter was used to 

smooth the waveform.  For example, at 1 kHz, a 4th order low pass filter (LPF) with a 2 kHz cutoff 

frequency was needed as a restoration filter.  The smoothed waveform is then converted from a 



voltage to a current source by using a Howland current pump, which was designed to handle 

approximately 4 MΩ loads and output a 2 µA current when supplied with a 1 V input [29].  The 

output from the current pump is directed to the desired electrode under test using two small signal 

relays.  The relays are controlled by the two digital control lines S0 and S1, as illustrated in Figure 1.  

 

Figure 1. System diagram of 4 channel impedance spectroscopy system 

 
The output signals VI and VU of the instrumentation amplifier were measured using the 12 bit 

ADC of the NIDAQ card.  These signals were recorded for two seconds with a sampling rate of 10 

ksps.  The last second of each recording was converted to magnitude and phase by applying a 

Discrete Fourier Transform (DFT) at the desired frequency [30].  The magnitude and phase gathered 

from these signals, along with the equations (1) and (2) below, are used to calculate the skin-electrode 

impedance.  In equations (1) and (2), A and P are calibration factors that might need to be applied.  In 

this case a gain of 10 was used with the VI instrumentation amplifier since the voltage produced 

across RI was only around 200 mV.  As a result, A was set to 10 to remove the gain for the 

calculations.    
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Figure 2. Skin-Electrode impedance experimental setup (a) bottom foam adhesive electrode test fixture (skin side) (b) 

top foam adhesive test fixture (c) electrode placement on left arm and connectivity. 

 

Table 2. Measured electrode thicknesses and shims added to achieve desired thickness of 0.034 inch 

Electrode Thickness 
(inch) 

Shim 1 
(inch) 

Shim 2 
(inch) 

Shim 3 
(inch) 

Calculated 
Thickness 

(inch) 

Carbon Rubber 0.030 0.004 
(tan) - - 0.034 

Silver Rubber 0.020 0.015 
(pink) - - 0.035 

Silver Ink on 
Evolon® 0.017 0.010 

(brown) 
0.005 
(blue) 

0.003 
(tape) 0.035 

Knitted 
(Numetrex) 0.035 - - - 0.035 

Ag/Ni Rip stop 0.003 0.030 
(coral) 

0.003 
(tape) - 0.036 
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a) Electrode test fixture design: 

An electrode test fixture was designed to prevent electrode movement and to maintain a 

consistent pressure when testing the different electrodes, see Figure 2a and Figure 2b.  The test fixture 

was made from a double layer of foam adhesive to ensure that the electrodes were flush with the 

bottom layer of adhesive when it contacted the skin.  Because all of the electrodes were made using 

materials of different thicknesses, color coded plastic shims (MSC Direct - 32026213) were attached 

to the backside of the electrodes to ensure that the electrode under test was flush with the foam 

adhesive prior to its attachment to the skin.  Table 2 shows the thickness measurements of the 

electrodes and the shims.  The combination of shims ensured that each electrode had a desired 

thickness of 0.034 inch. 

b) Impedance results: 

The experimental electrodes were placed on a shaven left forearm at a site approximately one 

inch away from the crease of the elbow, as shown in Figure 2c.  A consistent pressure was applied to 

the electrodes by tightening an elastic band around the area, and by applying a pressure that was 

comfortable to the wearer.  The commercial Ag/AgCl sensing electrode was placed on the middle of 

the inside forearm and the reference electrode was placed on the wrist.  For each experiment, the skin-

electrode impedance was measured against both time and frequency.  During a 20 minute time period 

the impedances of both the 3M electrode and the experimental textile electrode were measured 

simultaneously using a frequency of 40 Hz.  The system switched between the experimental electrode 

and 3M electrode every 2.5 seconds since the test waveform lasted 2 seconds.  After the 20 minutes a 

frequency sweep from 1 Hz to 1000 Hz was performed.  This experiment was repeated for the six 

electrodes on five subjects (three males and two females). The results for these experiments are 

shown in Figure 3 and Figure 4.  
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Figure 3. Contact impedance against frequency for six electrode types averaged over five subjects  
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Figure 4. Contact impedance measurements against time for six electrode types averaged over five subjects. 

The frequency plot, Figure 3, shows the skin-electrode impedance measurements for the six 

electrodes tested.  The results obtained narrowed our search for a suitable electrode material.  The 
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knitted electrode was eliminated early as a possible choice, because its time and frequency results 

indicate longer settling times and much higher impedances than the other electrode materials under 

test.  As to the results obtained from the other electrodes under test, the frequency plot in Figure 3 

shows that their impedance values are too close to make a decision as to which is the most suitable 

wearable electrode.  However, according to the temporal data in Figure 4, the carbon rubber and 

Ag/Ni rip stop appear to settle quickly independent of the wearer.  In other words, these two 

electrodes will stabilize more quickly if they are disturbed during ECG monitoring.  Furthermore, the 

overall impedance of these two electrode materials remains low during both frequency and time 

measurement experiments, a desirable characteristic for a wearable dry electrode.  

In order to decide between the carbon rubber and Ag/Ni rip stop electrodes, some of the pros 

and cons were considered. The Ag/Ni rip stop electrode may not be suitable in practice because it has 

a porous structure, and porosity will most likely allow sweat to escape and impact the impedance 

value.  During the experiments, the electrodes that were used had a plastic shim backing so sweat was 

trapped under the electrode, and the presence of sweat most likely lowered the impedance values 

measured.  In addition, there is the uncertainty whether or not the Ag/Ni rip stop’s metallization will 

survive washing. The carbon rubber electrode is proven washable according to [18] so this material 

was conclusively selected for the active electrode out of the five electrode materials tested.   

B. Active Electrodes 

The basic active electrode design was based on our earlier hand printed designs found in the 

research literature [26].  The circuit, shown in Figure 5, is a voltage follower that utilizes a current 

limiting resistor R1 on the positive input, a power decoupling capacitor C1, and a resistor R2 on the 

output.  The values used for these components are 200 kΩ, 10 nF, and 100 Ω respectively.  The 

electrode is connected to the input resistor R1.  



 

Figure 5. Basic Active Electrode Schematic 

 
The goal of this research was to transition the original hand printed active electrode into a 

version that could be produced using automated manufacturing methods.  The components most 

suited for constructing a textile active electrode are surface mount devices (SMD’s), because SMD’s 

can be applied directly to a surface.  Since the footprints of commercially available SMD’s are small, 

they are not suited for use with e-textile technologies like embroidery, so screen printing using 

polymer thick film techniques was chosen here to produce an active electrode circuit.  In earlier 

research [31], we found screen printing on nonwoven textiles capable of producing the fine footprint 

features required for making circuits using SMD’s. 

Creating the circuit artwork for screen printing is similar to the printed circuit board industry.  

However, there are some serious differences and challenges to overcome in relation to printing a 

circuit onto a textile substrate.  For example, the nonwoven textile substrate chosen for the active 

electrode design, Evolon® 100 g/m2, was chosen for its low cost, availability, and for the ability to 

control the surface parameters.  Nevertheless, there were still considerable issues related to using this 

fabric.  First, the screen-printed line features were limited to greater than 300 µm. This line feature 

limitation was due to the surface roughness and the jet streaks in the machine direction of the fabric 

which are artifacts of Evolon’s manufacturing process.  In addition, Evolon® 100 g/m2 wicks the ink 

due to capillaries present in the fabric, so the overall area of the printed circuit is usually larger than 

the artwork specifies.  There are also pinholes randomly distributed throughout the fabric, which can 
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cause large voids to occur in the conductive lines of the printed circuit.  Furthermore, the melting 

temperatures of fabrics like Evolon® are much lower than typical PTF substrates, like polyester or 

polyimide.  As a result, the temperature for curing a circuit printed onto the surface of Evolon® is 

lower than typical curing temperatures but is still close to the fabric’s melting point to achieve a 

reasonable cure.  Since the fabrics shrink at temperatures close to their melting point, issues like re-

registering an image for multilayered printing are problematic.  Moreover, printing on both sides of 

the fabric is also difficult for re-registration, since the fabric stretches when it is removed from a 

screen printer platen after the first print.  Finally, the porous and uneven surface of a substrate like 

Evolon® causes dielectric inks to form pinholes.  Thus, printing dielectric insulators for multiple 

circuit layers becomes a challenge because short circuits will form at the pinholes.  

Two versions of an active electrode were designed and fabricated in this research.  The first 

version involved screen printing the circuit onto a nonwoven textile and directly attaching the SMD 

components to the textile.  The second version explored the possibility of using an application 

specific interposer, thereby allowing the majority of the circuit and its components to fit in a much 

smaller printed circuit board area.  The use of an application specific interposer offers significant 

advantages over the direct attach approach, in regards to size, cost, manufacturability, and resilience.  

1) Direct Attach Version: 

The first version of active electrode designed in this research involved attaching surface 

mountable devices (SMD’s) directly to a textile screen printed circuit.  The screen printed design has 

been detailed in [26].  Preliminary results show promise towards producing a viable active electrode 

solution for wearable health monitoring. 

a) Direct attach design: 

 The majority of the direct attach active electrode design revolves around a screen printed 

circuit.  The screen artwork for the active electrode was designed to overcome the many production 
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issues faced in printing on textiles as discussed previously.  For example, the majority of the 

conductive lines were oriented in the machine direction to prevent printing across the large jet streaks 

inherent in the fabric.  Also, the preferred direction for the screen printer’s squeegee to travel is in the 

direction of the longest lines as recommend by [32].  In addition, the conductive lines are 1 mm wide 

to avoid any issues with voids and to ensure that the lines give good conductivity.  

The complete artwork is comprised of several layers: electrode, circuit, dielectric coating, and 

conductive adhesive, see Figure 6.  The electrode layer is located on the reverse side of the fabric, it is 

connected to the circuit on the topside of the fabric by a via.  One notable difference between the 

hand-printed design in [26, 33] and the screen printed version is the positioning of the electrode 

relative to the circuit.  In the screen printed version the circuitry was located away from the top of the 

electrode to allow the electrode to conform to the contours of the body.  In addition, special attention 

was paid to the conductive adhesive stencil design, which is shown as dark gray in Figure 6.  Since 

the chip component pads were close together the conductive adhesive used to attach the SMD 

components to the fabric circuit could squeeze underneath the component and electrically short the 

pads.  This problem was eliminated by using the “home plate” aperture design shown in Figure 6.  

This approach is similar to that suggested in [34], but it is specific to the nonwoven fabric.  The 

conductive adhesive stencil pattern also included coverage of the three large external pads for power, 

ground, and signal, and filling of the via that connected the active electrode circuit to the underside 

electrode layer.    

A dielectric layer was included in the active electrode circuit to serve as a protective barrier 

for the conductive traces and to prevent the traces from forming micro-fractures that can lead to open 

circuits.  The dielectric pattern was extended 0.5 mm on each side of the conductive traces to provide 

a reasonable margin of protection.  Also, the dielectric was designed with concave ends to reduce the 

tension at the dielectric silver barrier [35].  These concave ends can be seen at areas where pads must 



remain exposed for component attachment.  Finally four fiducials were positioned on the outside 

perimeter, not shown in image.  These fiducials were used to assist in the printing of multiple layers, 

e.g., circuit, multiple prints of dielectric, and stenciling the conductive adhesive.  

 

Figure 6. Active electrode screen/stencil design using home plate pattern [34] 

b) Direct attach fabrication: 

The screen printing parameters that were used to fabricate the active electrodes are 

summarized in [26].  Initially, the parameters used for printing the electrode layer in the preliminary 

experiments were the same as those for printing the circuit layer, e.g., a 200 mesh count.  However, 

the initial ink coverage was insufficient and this resulted in voids and an inconsistent printed circuit.  

A general observation made during screen printing was that larger areas, like the electrode, do not 

print as well as conductive lines when the same screen parameters are used.  In order to increase the 

ink coverage or layer thickness, the mesh count was decreased which resulted in an increase in the 

total wet ink volume delivered during printing.  A mesh count of 105 threads per inch was found 

suitable for printing the electrode onto the nonwoven material Evolon®.  

Eventually, the dielectric layer was printed using an 80 mesh count screen, for the practical 

reasons determined in earlier research.  Preliminary tests with Creative Materials (CMI) 115-30 ink, 

using a higher mesh count screen, resulted in a poor conformal surface that left voids and pinholes.  

Therefore, a lower mesh count screen was used to print a larger volume of ink and to print several 
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layers.  As a result, only two to three prints were required for printing the dielectric topcoat, which is 

typical for (PTF) dielectrics.  The active electrodes presented in this paper were fabricated with three 

prints of dielectric with a curing step being applied between each print.   

The active electrodes were fabricated using the polymer thick film (PTF) processing 

techniques described in [32].  The thick film processes used for fabricating the active electrodes were: 

screen printing, stenciling, curing, and encapsulation.  The encapsulation step involved testing the two 

solid black patterns that are defined in Figure 7.  The pattern in Figure 7b, inspired by [35], is an 

attempt to provide stress relief on the printed traces at the border of the rigid encapsulant.  Semi-

circular stress relief areas were incorporated into the final design, to prevent the line on the rigid 

encapsulant perimeter from flexing and creating cracks.  These encapsulant patterns were produced 

by creating a mask for each pattern out of transparency film.  Each mask was sprayed with adhesive 

to hold the bottom side in place and to ensure that the encapsulant did not spread under the mask.  

After dispensing the encapsulant over the desired areas, the mask was carefully peeled back to yield 

the patterns shown in Figure 7.  

 

  

(a) (b) 

Figure 7. Encapsulation patterns (a) regular pattern (b) stress relief pattern 
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The steps required for active electrode fabrication are listed below and the final versions of 

fabricated active electrodes are shown in Figure 8.  

1. Print electrode on fabric backside with CMI 112-15, cure in dryer at 100°C  

2. Print circuit on fabric topside with CMI 112-15, cure in dryer at 100°C 

3. Print dielectric over circuit with CMI 115-30, cure in dryer at 100°C and repeat three times 

4. Drill or punch via hole for electrode 

5. Stencil conductive adhesive (CMI 119-05 and CMI 119-44 mixed at 100:2.3) and attach 

components and cure for 1 hour 

6. Encapsulate components with Hysol® FP4460 using a 18 gauge tip and cure for 4 hours at 

130°C 

7. Bond carbon rubber electrodes to screen printed electrode using ECCOSHIELD® RVS and 

stitch the electrodes to the fabric 

 

  
(a) (b) 

  
(c) (d) 

Figure 8. Fabricated direct attach active electrode (a) screen printed electrode (b) assembled circuit (c) finished 

active electrode (top view) (d) finished active electrode (bottom view) 
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2) Application Specific Interposer Version: 

Active electrodes were also designed and fabricated using an interposer approach.  

Interposers range from adapter boards that convert package technologies, e.g., SO-8 to DIP-8, to 

complex multichip modules that contain entire systems. In this case the interposer was used to 

connect SMD devices to an electronic textile circuit having somewhat larger feature sizes than 

currently available SMD packaging assemblies.  

There are several benefits to using an interposer for attaching electronics to textiles, 

especially when compared to the earlier direct attachment design.  Most of the processing for an 

electronic textile using an interposer is accomplished on a PCB of either flex or rigid FR-4 materials.  

As a result, high temperatures can be used to attach components and they can be placed by using 

automated pick and place assembly machines.  In addition, SMD components can be bonded using 

solder, just as in any conventional PCB assembly, thereby reducing the costs.  Also, using a PCB as 

an interposer permits smaller feature sizes, e.g., line widths and spacing down to 0.002 inch, thereby 

allowing smaller component selection and smaller circuit areas.  Thus, greater circuit complexity can 

be packed into a smaller area.  Furthermore, an interposer enables custom circuit designs where the 

footprint will work with a variety of electronic textile technologies.  For example, in [36] they 

designed a flexible circuit interposer for recording capacitive-based EMG signals.  In this instance the 

perimeter pads were large enough that conductive interconnects could be embroidered directly 

through each pad.  Another benefit to using interposers relates to circuit failure.  Using an interposer 

simplifies the electronic textile circuit thereby reducing the chance of circuit failure through cracked 

lines or broken bonds between the electronic textile and SMD component. 

a) Active Electrode Interposer Design: 

The active electrode interposer design uses the same circuit as the direct attach version, but 

with a few modifications.  The resistor R1 substitutes a 100 kΩ resistor and the resistor R2 is 
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removed from the design.  Also, the TLC2272 amplifier (SO-8) is replaced with an OPA333 to take 

advantage of its small package size (SC-70), low noise, and micro-power capabilities (17µA).  The 

printed circuit board design, shown in Figure 9a, includes perimeter pads that make up the 

interposer’s footprint.  The footprint, Figure 9b, is consistent with screen printing and will possibly 

work with other electronic textile interconnect technologies.  These pads are spaced 2.08 mm apart 

and are 1.50 mm wide.  The PCB material is 0.005 inch thick FR-4 with 0.5 oz copper cladding and a 

gold finish.  The thin FR-4 board was chosen to reduce the overall thickness of the packaged 

interposer on the textile.  Using FR-4 also lowers the overall cost when compared to more expensive 

flexible Kapton® substrates.  In addition, using FR-4 instead of flex avoids the handling issues 

associated with flex circuits since 0.005 inch FR-4 is still somewhat rigid.  

The board design for the interposer utilized an active guard to reduce any stray capacitance 

effects that could couple to the sensitive high impedance input signal.  Instead of filling in the top and 

bottom of the board with ground, each side was filled with the output of the amplifier to produce the 

active guard.  Please note, the input line is not shielded from the top in this design since this is a not a 

concern for ECG and would only add to the complexity of the design.  The board dimension is 6.5 x 

6.5 mm which is a little larger in area than the SO-8 amplifier that was used for the direct attach 

design.  

The final active electrode design, including the interposer, is shown in Figure 9c.  The 

electrode remains on the bottom side of the fabric, to make contact with the body, while the buffer 

resides on the top side.  A separate design was considered to place the interposer in the center of the 

electrode area on the top side, but the fabric pinholes produced shorts between the two layers.  As a 

result, it was decided to place the interposer slightly below the electrode so that the electrode input 

pad was the only overlapping signal.  The input pad is connected to the electrode by a via that is filled 

with conductive adhesive, in a manner similar to that originally created for the direct attach version.  



Figure 9c depicts the multiple layers involved in the design and shows the fiducials that were added to 

aid in the aligning of each layer during the fabrication process.  The encapsulant pattern is shown as a 

black outline surrounding the interposer, see Figure 9c.  This pattern uses the stress relief concept 

introduced in the direct attach approach to prevent stress fractures in the conductive interconnects at 

the encapsulant border.  

 

 

(a) 

 

         

Electrode

Encapsulant outline

Interposer
Via

E-textile interconnect
Stress relief

Fiducial

Conductive adhesive

 

(c) 
 

(b) 

Figure 9.  Picture of interposer design (a) top and (b) bottom view by itself; (c) active electrode design for interposer 

approach.  

 b) Fabrication: 

The interposer board design enables a greater selection of fabrication techniques for 

producing active electrodes.  The final design in this research includes large perimeter pads that are 

spaced to allow for screen printing, and to accommodate other established electronic textile 

technologies like embroidery.  In addition, the via’s on each pad enable hand stitching the interposer 

to a garment with either a conductive yarn or thread.  The active electrodes for this study were custom 
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built, by hand, to validate the design and prior to considering other methods for mass producing the 

electrodes.  

The fabrication steps for the active electrodes had to be modified slightly in order to 

prototype the design.  For example, conductive yarns were used for interconnects, as opposed to 

screen printed interconnects (signal, power, and ground lines).  The conductive yarn used for the 

interconnections was extracted from commercially available conductive elastic made by Textronics 

Inc. by de-laminating the nonwoven material with approximately 120 °C.  Since the conductive yarn 

was washable, no protective dielectric was required for the electronic textile circuit, thus removing 

the need for this additional step.  Despite using conductive yarn in place of screen printing for the 

interconnections, the majority of the fabrication steps are still the same as the direct attach version.  

The steps for fabrication are described in the list below: 

1. Screen print electrode on fabric backside 

2. Mark fiducials, three interconnections, and outline for interposer placement 

3. Attach conductive yarn with glue to three interconnection markings 

4. Drill or punch via to electrode 

5. Stencil conductive epoxy and attach populated interposer 

6. Encapsulate interposer with glob top encapsulant 

7. Bond and stitch commercial carbon rubber electrodes to screen printed electrode 

 
The interposer active electrodes that were fabricated for this research are shown in Figure 10.  

The fabricated electrode involved offsetting the interposer from the electrode to avoid the pinhole 

problem that occurred in an original attempt to place the interposer directly above electrode.  This 

offset removed the need for the additional step that was required to cover the pinholes with a 

dielectric insulator.  The conductive adhesive was applied by stenciling conductive epoxy 

(CircuitWorks CW2400) over the conductive yarn and electrode via.  Adjustments had to be made in 



the stencil design, since initial attempts resulted in shorts that occurred between the three pads.  To 

compensate for this aperture problem, it was necessary to design a stencil in which the width for each 

pad was 56% of the original pad width.  A mask was then designed to control the encapsulation 

pattern.  This pattern is shown in Figure 9c as the dark outline surrounding the interposer with a 1.5 

mm margin.  The resulting average thickness of the encapsulant was around 1.70 mm compared to the 

direct attach thickness of 2.45 mm.  The size of the entire encapsulated interposer was 11.6 x 11.6 

mm compared to the approximate 20 x 13 mm size of the direct attach version.  Thus, the area and 

thickness of the interposer were significantly reduced by 48% and 31% respectively.  Finally, the 

carbon rubber electrodes were attached to the screen printed electrode using the same techniques 

described in the direct attach version.  

 

   
(a) (b) (c) 

 

 

 

 

 

Figure 10. Picture of fabricated active electrode interposer (a) interposer attached to fabric after step five; (b) 

finished active electrode top view; (c) finished active electrode bottom view. 

 

III. EXPERIMENTAL RESULTS 

The experiments in this section were designed to compare the performance of two new and 

novel textile based active electrode designs to a passive carbon electrode and a commercially 

available Ag/AgCl electrode.  A series of experiments were conducted to evaluate the durability and 

reliability of these new active electrodes for potential use in health monitoring garments.  The active 
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electrodes were evaluated by recording ECG signals and examining the time and frequency behavior 

of the measured signals. 

A. Experimental Setup 

The circuit that was used to measure ECG was modified from the circuit proposed in [37].  

The ECG circuit, Figure 11, is a single supply ac-coupled biopotential amplifier customized for 

recording the data in this research.  The amplifier was designed with a gain of 393 and filter cutoff 

frequencies FHP = 0.04 Hz and FLP = 150 Hz for the associated high pass and low pass filters 

respectively.  The circuit was also updated to include micro-power operational amplifiers for future 

operation with a wireless sensor node integrated into a garment.  The analog ECG signal was 

recorded at 1000 sps with a 10-bit ADC on the Texas Instruments MSP430F2274 and serially 

transmitted to a PC running MATLAB® for data collection.  

The ECG circuit was used for both passive electrodes and active electrodes.  The passive 

electrodes were connected to the circuit with shielded cables, where the shielding was connected to 

the buffered output of the electrode.  The shielded cables were necessary to remove most of the cable 

noise and to permit a direct comparison of the electrodes only.  The active electrodes were connected 

to the circuit by bypassing the 100 kΩ resistor.  Each electrode was tested for 5 minutes while sitting 

and 5 minutes while jogging in place.  These recordings took place 30 minutes after the electrodes 

were placed on the body to allow the skin-electrode impedance to stabilize.  The electrodes were held 

in place on the body by an elastic belt that was tightened around the chest to apply pressure to 

electrodes.  
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Figure 11. Single supply ECG circuit for testing active electrodes modified from [37] 

 
The following electrodes were tested: 

• 3 direct attach active electrodes 

• 3 direct attach active electrodes with stress relief encapsulant pattern 

• 3 interposer active electrodes 

• 3 carbon rubber electrodes 

• 1 pair of commercial Ag/AgCl electrodes (Cleartrace REF1700 by CONMED® Corp.) 
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Figure 12. Combined ECG recordings while sitting (5 seconds) and jogging (5 seconds) for four types of electrodes (a) 

screen printed active electrode (b) interposer active electrode (c) carbon rubber electrode and (d) commercial 

Ag/AgCl electrode.  

B. Comparative Analysis (Before Washing) 

The combined experimental data from the ECG experiments using the fabricated electrodes is 

shown in Figure 12.  The data shown in this figure is a sample of five minute recording sessions, 

starting at 200 seconds, and including data for both sitting and jogging.  The data presented here 

suggests that there is no significant difference between the new electrodes under test and 

commercially available Ag/AgCl electrodes.  However, when taking measurements it was noticed 

that the signals of the experimental electrodes drifted slightly.  Examination of the data indicates that 
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this is possibly due to higher skin-electrode impedance with the carbon rubber as opposed to the 

commercial electrodes.  As mentioned earlier, higher skin-electrode impedances increase an 

electrode’s susceptibility to movement, and this is known to cause motion artifacts; especially in the 

lower frequency ranges.  
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(a) 

 
(b) 

 

Figure 13. Power spectral density (PSD) estimate for (a) sitting (b) jogging in place. 

 
The data collected from the new active electrodes during jogging also compared favorably 

with the data obtained from commercial electrodes.  This demonstrated that the active electrodes were 

able to effectively operate as impedance converters and to suppress line noise.  Surprisingly, the high 

frequency noise is only slightly elevated when compared to the data recorded while sitting.  The clear 

QRS peaks in the jogging data suggest that the active electrodes will enable fundamental parameters 

to be extracted during exercise, like heart rate, with greater accuracy and with fewer false positives.  

Further testing is needed to evaluate this hypothesis.  

The five minute data set recorded from these experiments was also evaluated in the frequency 

domain using a power spectral density (PSD) estimate.  The PSD was estimated using the 

MATLAB® “pwelch” method that is part of the Signal Processing Toolbox.  This method returns the 
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power spectral density estimate on a dataset by using Welch’s averaged, modified periodogram 

method.  A 512 sample size window was used with the default 50% overlap to compute the one-sided 

PSD for each ECG recording.  The PSDs for each electrode type (three trials for each type since there 

were three electrodes) were averaged and plotted in Figure 13 for sitting and jogging.  The PSDs for 

sitting and jogging indicate that the active electrodes perform closely to the Ag/AgCl electrode.  Also, 

there is negligible 50/60 Hz noise present in the signal. 

C. Durability Analysis (After Washing) 

Durability testing was performed by machine washing all of the electrode samples for five 

cycles with exception of the commercial Ag/AgCl electrodes.  The washing cycles involved running 

the washer on the permanent press setting and air drying the samples afterwards.  The samples were 

hand stitched to larger sheets of Evolon® so that they were properly washed as if they were attached 

to a garment.  The passive carbon rubber samples were also included in the same washing tests to 

help sort out problems that are related to the electrode versus the circuit.  

After the first cycle of washing, the active electrodes were functionally evaluated by exciting 

the electrode with a 100 Hz sine wave and measuring the buffer’s output.  These preliminary results 

revealed that after a single wash, five of the six direct attach active electrodes were inoperable while 

all of the interposer active electrodes passed the test.  Further examination isolated the problem with 

the direct attach electrodes to a broken interconnection between the R1 resistor and the amplifier’s 

positive input, Figure 14a.  The likely source of the problem is that the encapsulation on the amplifier 

was too close to the resistor’s encapsulation regardless of using stress relief.  The hypothesis is that 

the encapsulation reduced the distance between the two components which reduced the radius of 

curvature for flexing around the axis perpendicular to the screen printed line.  The smaller radius of 

curvature led to sharper angles during flex and greater stresses on the line which ultimately led to a 

printed line crack.  The crack was manually forced back together to test the remainder of the circuitry.  



With the cracks closed, the active electrodes passed the sine wave test which indicated that the 

remaining circuitry survived one wash cycle.  

One possible solution for fixing the problem with the crack is to move the amplifier to the left 

of the resistor as shown in Figure 14b. In Figure 14b the conductive line is no longer directly between 

the two encapsulated components, meaning the stresses during flexing should be significantly 

reduced.  Figure 14c shows the modified encapsulation pattern for this solution.  Another solution 

might be to simply encapsulate the amplifier and the resistor, R1, together. However, this will reduce 

the flexibility of the overall area.   

 

  

 
(a) 

 
(b) 

 
(c) 

 

Figure 14. Proposed new design to fix problem to reduce stress on amplifier input line (a) original design with 

problem area (b) new design artwork (c) encapsulant pattern.  

 
Once the electrodes were washed for the complete five cycles they were again tested with the 

sine wave test.  The original direct attach active electrodes, not to be confused with the recently 

suggested fix, still functioned with the exception of the same crack formed in the line from R1 to the 

amplifier’s positive input.  There were also cracks in other areas especially on the samples without 

stress relief but they did not prevent the circuit from passing the sine wave test.  No further testing 
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was performed on the direct attach electrodes for this experiment since they would require 

intervention or building new electrodes of the proposed design in Figure 14.  

The interposer active electrode and the passive carbon electrodes passed the sine wave test 

after five washes with no exceptions so they were finally tested on the on the body to see if they were 

still functional.  The same ECG experiments were performed on the electrodes and the combined 

sitting and jogging ECG signals are displayed in Figure 15.  The results in Figure 15 indicate that 

there are no noticeable differences from before and after washing.  The signals still have good clarity 

and visually compare well to the commercial Ag/AgCl electrode.  
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Figure 15. Combined ECG recordings while sitting (5 seconds) and jogging (5 seconds) after washing electrodes five 

times with exception of commercial electrode (a) interposer active electrode (b) carbon rubber electrode and 

(c) commercial Ag/AgCl electrode.  

The same frequency analysis using the PSD was also performed on the washed electrodes.  

Figure 16a and Figure 16b show the combined before and after washing PSD estimates for sitting and 

jogging respectively.  These plots also support the observation that there is no significant difference 
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in either active electrode or carbon rubber electrode after washing.  The only observable difference 

was noted in the slightly higher noise in the washed interposer active electrode samples.  This can be 

seen by the green line in both PSD plots.   
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Figure 16. Power spectral density (PSD) estimate before and after five washes for (a) sitting (b) jogging in place. 

IV. CONCLUSIONS AND FUTURE WORK 

This research examined the use of nonwoven active electrodes for an ECG monitoring 

garment.  The active electrodes were constructed from a washable carbon rubber dry electrode and a 

voltage follower located at the electrode.  The carbon rubber electrode was determined the most 

suitable electrode from a skin-electrode impedance study performed on a group of five electronic 

textile electrodes.  The voltage follower that makes the electrode “active” was implemented using two 

different approaches towards achieving textile-hardware integration.  The first approach, “direct 

attach”, involved screen printing a circuit directly onto a fabric and attaching SMD components 

directly to the textile circuit.  The second approach involved attaching an “interposer” to the electrode 

and simplified electronic textile circuit.  These two versions also explored methods for improving 
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durability so that the active electrodes could be washed.  Durability was accomplished by 

encapsulating the electronic components with a patterned glob top encapsulant.  

The experimental results on the active electrodes showed that they compare well to 

commercial Ag/AgCl electrodes.  During jogging tests that were designed to examine motion 

artifacts, the active electrodes demonstrated clean QRS complexes and stable signals with relatively 

little motion artifact.  The durability of the active electrodes was tested by washing the electrodes for 

five cycles.  These washing tests revealed problems with the direct attach design while the interposer 

design showed successful and clean operation after five washes.  The interposer design proved that it 

was washable while maintaining signal fidelities comparable to commercial Ag/AgCl electrodes.  

Future work will focus on improving the interposer approach and implementation into a tight 

fitting garment.  These improvements will include developing the capability to fabricate the carbon 

electrode on a textile by molding or stenciling and determining the best electronic textile technology 

to provide the three interconnections.  Also, a multipurpose wireless sensor node will be combined 

with the ECG circuit and the interposer active electrodes to form a wireless ECG belt.  The work 

presented here and hereafter will eventually lead to the development of a long-term health monitoring 

garment capable of measuring vital signs like ECG and respiration. 
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Chapter 3 

Textile-Based Capacitive Sensors for Respiration Monitoring 
 
 
Abstract – Long-term respiration monitoring can extend the capabilities of healthcare providers if 

reliability can be achieved economically.  In this paper the potential for using capacitive sensing to 

serve as an inexpensive method for long-term respiration sensing is explored.  This paper proposes 

new designs of capacitive sensors for respiration and describes the design and fabrication of a 

prototype textile based capacitive sensor respiration belt.  Two capacitive sensors were designed and 

fabricated for detecting chest or abdominal circumference changes up to 60 mm.  These sensors gave 

good linearity, sensitivity, and resolution.  Respiration measurements obtained with these new sensors 

show that they are capable of measuring respiration rate, and possibly, lung function parameters. 
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I. INTRODUCTION 

Respiration monitoring is a valuable method for diagnosing many diseases related to the 

functioning of the heart and lungs.  In a clinical setting, respiration monitoring is useful for detecting 

pulmonary disease, heart failure, anxiety disorders, and sleep disorders.  Unfortunately, reliable 

methods of respiration monitoring hardly exist for home and ambulatory monitoring [1].  Some 

disorders, like chronic obstructive pulmonary disorders, are difficult to diagnose in the clinic, so a 

reliable device that could monitor and measure this condition at home, or in ambulatory situations, 

would enhance the capabilities of medicine to diagnose and monitor this disease.  

There are several types of sensing methods that can be used for respiration monitoring.  The 

most popular methods that are applied to home and ambulatory monitoring utilize a belt of some 

form, or the sensors are integrated into a garment.  Now, whereas respiration belts are commercially 

available, garments are most commonly found only in a prototype form and have yet to find 

widespread commercialization.  Many methods of sensing respiration are found throughout the 

literature.  The most popular sensing methods implemented as a belt, or in a garment, are inductive 

plethysmography sensors, piezoresistive sensors, and piezoelectric sensors [1-3].   

Inductive plethysmography uses an inductive sensor that is a wire configured in a sinusoidal 

arrangement that wraps completely around the circumference of the chest or abdomen.  This 

sinusoidal patterned inductive sensor measures changes of inductance in the wire, where these 

inductance changes are directly related to the shape changes of the sensor and torso caused by 

respiration.  Piezoresistive sensors are usually conductive elastic coatings [4] or knitted conductive 

yarn [2] that change their resistance when stretched.  A piezoresistive sensor is usually made in the 

form of a rectangular strip whose longer dimensions run laterally across the chest or abdomen.  The 

final sensing method commonly fabricated and used for long-term health care monitoring is the 

piezoelectric sensor.  The piezoelectric sensor is found mainly in the Pneumotrace® II belt and is 
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made by UFI [3].  This sensor generates a voltage when the belt is stretched from the changes in 

circumference of the chest and/or abdomen.  Since it generates its own signal, this type of sensor is 

well suited for ultra-low power applications that operate over long periods of time, e.g., home 

monitoring.   

Research by [5] at North Carolina State University has led to the design and development of 

new capacitive based respiration sensors intended for use with an electronic textile belt or garment.  

The sensors in [5] are capacitive displacement sensors, and they operate by measuring the change in 

area between two capacitor plates that slide parallel to one another.  The first of these sensors was 

fabricated using a screen-printer.  In this design a silver ink electrode pattern was printed onto two 

separate parts of a non-stretchable nonwoven textile to produce the capacitive sensor plates.  The 

plates are laterally connected with one-dimensionally stretchable nonwovens on opposite ends to 

enable the plates to slide in opposite directions when the sensor is stretched.  The sensor was designed 

and fabricated in both single and differential capacitive forms.  These sensors were designed for 

linear sensing only along the axis of extension.  Preliminary results with these sensors have shown 

linearity over a range of 20 mm [5]. 

The work presented in this paper is a continuation of the research started by [5].  In addition 

here, the potential for using capacitive sensing to serve as an inexpensive method for long-term 

respiration sensing is explored.  Lastly, this paper discusses new designs of capacitive respiration 

sensors, and it details the design and fabrication of a textile based capacitive sensor respiration belt. 

II. CAPACITIVE SENSOR DESIGN AND FABRICATION 

The capacitive sensors designed in [5] were area variation sensors that relied on capacitance 

being measured through the overlapping area change of the sensor plates.  A basic diagram showing 

the action of the plates, and hence the measure of capacitance, is shown in Figure 1.  As the fixed 



ends of the sensor are pulled apart, the elastic sections at the ends stretch and allow the plates to move 

in opposite directions thereby causing the area between the plates to change for the capacitor.  This 

change in area produces a proportional change in capacitance that can be measured using 

instrumentation circuitry custom designed for this purpose.  

 

 

Figure 1. Basic operation of capacitive sensor design in [5] using sliding plates with elastic and non-elastic nonwoven 

combinations (a) resting position (b) partially stretched (c) fully stretched. 

 

A. Modified VRAMP Design 

The capacitive sensor design is in a configuration which allows the capacitive pickup to move 

freely in two axes.  Baxter [6] recommends using a v-ramp capacitive sensor pattern with an 

overlapping pickup to reduce the effects of these undesirable movements, see Figure 2a.  This pattern 

is designed to reduce the tilt around the x-axis which leads to large changes in the measured position.  

Since the plates are symmetric on the v-ramp, the tilt in the x-axis is canceled out [6].  Displacement 

in the y-axis is another potential problem that is prevented by using an overlapping pickup [6].  The 

v-ramp design, however, has a nonlinear response at the extreme x-axis and y-axis positions.  This 
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nonlinearity is resolved in [6] by reshaping the v-ramp pattern into a stair step shape, see Figure 2b.  

This modified v-ramp pattern provides a linear relationship between position and sensor output.  

 

 

(a)          (b)                               (c) 

Figure 2. Ramp patterns for differential capacitive sensors (a) v-ramp (b) stair-stepped v-ramp (c) reshaped v-ramp 

accommodating a larger spacing.

 
Usually the spacing between the plates A and B in Figure 2 is small enough to avoid 

changing the design to account for nonlinearities.  However, the design is intended for screen printing 

conductive inks onto textiles where the recommended spacing limitation is 0.4 mm [7].  In order to 

ensure that the change in position relates to a linear change in area, the pattern must include spacing 

as a design parameter.  Based on the design in [6], spacing causes the first step to be shorter than the 

remaining steps.  As a result, the area associated with plate B in that region is less than desired.  To 

compensate for this area inconsistency the plate design for a new capacitive sensor was divided into 

four sections. Figure 3a shows the basic building block of the plate pattern. First, a mirror image of 

the plate design was made for the x-axis, then a mirror image was established along the y-axis, see 

Figure 3b-c.  Next, the four sections in Figure 3c were spaced in a manner that the plates maintained 

an identical pattern.  Since the two right sections are not connected, their areas are reconfigured to fill 

the unwanted gap, thereby connecting the two sections.  While this gap is filled, a section having the 

same area was removed from the opposite end of the sensor, see Figure 3e.  Finally, by removing the 

dividing lines, a new pattern was revealed that accounts for the spacing between the plates, Figure 3f.  
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(e)
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Figure 3. The reshaped vramp accounting for spacing 

 
The range that the sensor must operate in while worn on the body was investigated to 

determine the sensor geometries.  According to the literature, the circumference of an adult’s chest, 

on average, changes 1.2 cm during normal breathing and between 5 and 11 cm during deep breathing 

when sitting upright [8].  Similarly, the average adult’s abdominal circumference changes 1.5 cm 

during normal breathing and between 7 and 13 cm during deep breathing.  While the ability to 

measure deep breathing can yield important parameters regarding lung capacities, the extremes listed 

in [8] are somewhat too large for a sensor design of the type being proposed here.  In other words, a 

sensing belt that can measure 13 cm would require the capacitive plates to span a similar length or 

even longer.  For some adults a 13 cm design would cover their entire chest or abdomen.  We decided 

to experiment with 4.5 cm and 6.0 cm changes in circumference, as these dimensions were 

approximately the mid-range.  

1) Automatic Pattern Generation: 

To allow rapid changes in the sensor’s dimensions, a MATLAB® script was created to 

compute the capacitive sensor geometry, plot the pattern, and output the coordinates in the CadSoft 

EAGLE scripting language so that the artwork for the design could be generated automatically.  This 
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automatic pattern generation enables any designer to easily change the desired dimensions and 

performance specifications of a capacitive sensor.  It also allows a capacitive sensor based on this 

design to be adapted for other applications that require the sensing characteristics to be linear.  Figure 

4 shows the dimensional parameters required to compute the plate geometries for the two 

implementations used in this research.  Table 1 provides the values for generating these designs 

having a range of 45 mm and 60 mm.  

                            

Figure 4. Parameters defined for automatic pattern generation 

 

Table 1. Dimensions required to create the pattern for a 45 mm and 60 mm range 

Parameter Value (mm) 
(45 mm) 

Value (mm) 
(60 mm) 

Belt width 38.1 38.1 
Pickup width (p_width) 15.0 15.0 
Pickup to edge (p_edge) 3.0 3.0 
Pickup overlap (p_overlap) 4.0 4.0 
Range 45.0 60.0 
Gap 0.4 0.4 

 
 
The dimensions for the two patterns were constrained within the bounds of what was to 

become the eventual respiratory belt width.  Previous work in [5] used a belt width of around 8 cm, 

which was too large for children and small adults.  Here, the dimensions were chosen to closely 

match the dimensions of the Pneumotrace® II model 1132, which is a piezo-electric respiration 

transducer in the form of a belt [3].  The Pneumotrace® II belt is approximately 28 mm long and 38.1 
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mm wide when excluding the Velcro® strap so the 38.1 mm was selected for automatic pattern 

generation.   

Since the two layer design in Figure 1 requires attaching the sensor plates together, at the 

ends only, there is a possibility that the layers may slide in the y direction thereby misaligning the 

pickup with respect the drive plates.  These problems are solved by designing the pickup to overlap 

the stator plates. This overlap will reduce any sensitivity associated with y-axis displacement, as 

recommended in [6].  The pickup overlap, p_overlap, was selected as 4 mm to compensate for any 

undesired movement in the y-axis.  The pickup to edge distance, p_edge, was also added to provide a 

larger area for the shield to reduce the attenuating effect of fringe fields and stray capacitance, see the 

darker gray area in Figure 4. 

2) Selected Sensor Geometries: 

The sensor geometries generated for the 45 mm and 60 mm specifications are displayed in 

Figure 5 below.  Figure 5a shows the pickup design surrounded by a guard, which is depicted as dark 

gray.  A guard, not shown, is also placed on top of the pickup and covers the entire area in Figure 5a.  

Note that the guard is separated from the pickup by a layer of fabric.  The 45 mm and 60 mm 

geometries are shown in Figure 5b and Figure 5c.  Since these geometries utilize the same pickup 

electrode pattern, the pickup design is reused for these two desired ranges.  The dimensions for 

producing the geometries in Figure 5 are provided in Table 2.  

3) Sensor Design Linearity: 

The two sensor designs created for the capacitive respiration sensor were designed to exhibit 

good linearity.  The area covered by the pickup should change linearly with displacement and thereby 

produce a linear sensor output.  This linearity was verified by deriving the area equations from Figure 

6.  The figure shows the breakdown of the sensor into segments and blocks.  Each segment is denoted 

by a vertical hashed line revealing the five segments in Figure 6.  Each segment is composed of 



rectangular blocks to create the unique area of the segment.  For example, the leftmost segment, 

denoted n = 0, of stator plate A is divided into eight blocks.  Since the pickup plate can only cover 

one segment or part of two segments, the area of each plate was computed for two segments.  The 

area equation for each stator plate is given in the following equations where w is the segment width, x 

is the displacement, blocks is the maximum number of blocks for a segment, hblock is the height of a 

block, and n is the segment number.        

bc
bc

bc

 

Figure 5. Sensor geometries for (a) pickup electrode (b) 45 mm drive electrodes (c) 60 mm drive electrodes. 

Table 2. Dimensions from Figure 5. 

Dimension Pickup 
(mm) 

45 mm drive 
(mm) 

60 mm drive 
(mm) 

a 15.0 15.0 15.0 
b 32.1 24.1 24.1 
c 38.1 38.1 38.1 
d 30.0 4.0167 3.0125 
e  7.0 7.0 
f 0.4 0.4 0.4 
g  74.4 89.4 
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The segment number n is calculated by dividing the position by the segment width and taking 

the floor of the result. The adjacent segment nj is one segment to the right of nj-1. 

111 +=⎥⎦
⎥

⎢⎣
⎢= −− jjj nn

w
xn                                                              (1) 

                      

                        

Figure 6. Segmenting the sensor plates for area computation. 

 
Since each plate was built using the mirrored staircase (see Figure 3), the number of steps 

was found by dividing the range by the step or segment width.  In Figure 6, the leftmost segment of 

plate A shows the top step having four steps or blocks.  The maximum number of blocks was found 

by doubling the number of steps since the staircase is mirrored.  Please note that the range is a 

multiple of the pickup or segment width w. 

2×⎟
⎠
⎞

⎜
⎝
⎛=

w
rangeblocks                                                                     (2) 

The height of each block, hblock, is the plate height, h, divided by the maximum number of blocks, 

blocks
hhblock =                                                                            (3) 

Finally, the area for plate A is of the form A = (width)(height) + (width)(height), 

( )( )( )( )[ ] ( )( )( )[ ]blockhjnblocksjwnixblockhjnblocksjwnixwAArea 21121 −−−+−−−−−=      (4) 
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The area for plate B is, 

( )( )( )[ ] ( )( )[ ]blockjjiblockjjiB hnwnxhnwnxwArea 22 111 −−− −+−−                              (5) 

The two area equations do not take into account the spacing between the two drive plates.  

The spacing is accounted for by customizing the position vector x for each equation.  The x values for 

plate A are defined from 0 to 60 and padded with values of 60 for the remainder of the vector.  Please 

note that the values would typically go from 0 to the range plus the gap but the area equation would 

give negative area values after passing the range.  The x values for plate B are padded with zero until 

the defined increment reaches the spacing and then the values are defined from 0 to 60.  The x values 

are padded with zero since the area of plate B does not increase until the pickup has moved past the 

spacing between the plates.  The computed values for each equation are plotted using values from 0 to 

60.4 (range + spacing) with 0.01 mm increments.  
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Figure 7. Area computations using equations (a) area of pickup covering plates A and B (b) Area values substituted 

into transfer function for a differential capacitive sensor.   
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Figure 7a shows that the change in area that the pickup covers is linear for each drive plate.  

As expected, the area for plate B increases linearly as the area of plate A decreases.  However, the 

spacing between the plates adds a slight nonlinearity to the area/displacement relationship, which is 

not visible in Figure 7.  The spacing essentially separates the plates in the x direction creating a dead 

zone at the sensor extremes.  In other words, the area of plate B does not start to increase until the 

displacement is equal to the spacing.  Also, the area of plate A stops decreasing at the specified range 

of 60 mm, while the area of plate B continues to increase until the displacement reaches the range 

plus the spacing.  As a result, the range is shortened by the plate spacing since the signal becomes 

nonlinear at the sensor extremes.  The range for the 60 mm example is really 59.6 mm with the center 

point occurring at 30.2 mm.  Figure 7b shows the sensor output computed from the differential 

capacitive sensor transfer function provided in [6], 

21

1

CC
CG
+

=                                                                             (6) 

Assuming that the sensor parameters, other than the area of each capacitor, are held constant and at 

the same value, the equation in terms of area is found by directly substituting the area in place of each 

capacitor value.  

21

1

AA
AG
+

=                                                                             (7) 

The result obtained using the area values computed from Figure 7a (A1 = B and A2 = A) reveals a 

linear response for the sensor output with the exception of the flat nonlinear end points.  

B. Pickup Guarding 

Proper guarding is essential to ensure the reliable operation of capacitive sensors [6].  

Without a guard surrounding the pickup, stray capacitance from the outside world will severely 

attenuate the capacitive sensor’s amplitude, especially when the capacitive sensor is in close 
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proximity to the body.  In Figure 8, a cross-section drawing of the capacitive sensor reveals the 

structure of the pickup electrode.  More importantly, the guard is placed directly above the pickup 

electrode and a fixed gap is established between the guard and pickup.  The thickness of the fabric 

between the two metal layers is important because the guard’s capacitive coupling to the pickup can 

subdue the signal, especially if the insulator layer is too thin.  Trial and error revealed that placing a 

fabric (Evolon® 100 g/m2) having a thickness of 300-350 µm between the pickup and guard is 

suitable for this design.  

 

 

Figure 8. Cross-sectional view of capacitive sensor showing guard surrounding pickup 

 
C. Belt Design and Fabrication 

A new belt was designed and fabricated to form a respiration sensor based on the capacitive 

sensor design.  The belt design was modeled after the Pneumotrace® II respiration belt model 1132, 

this served to provide a design specification; mainly because of the similarities in the sensor design.  

The Pneumotrace® II belt is composed of two parts: (1) a Velcro® strap, and (2) a smaller elastic 

piezoelectric sensor section with Velcro® ends.  The circumference changes in the chest or abdomen 

are directed to the sensor section by using the non-elastic Velcro® strap.  The capacitive sensor works 

the same way by substituting itself for the sensor section and utilizing the same Velcro® strap.  

The belt is composed of four materials: screen printable fabric (Evolon® 100 g/m2), rubber 

elastic, Velcro®, and conductive elastic.  The respiration belt, including its design and construction, is 

outlined in Figure 9. The belt design is only made possible through the availability of the screen 
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printable fabric that is used to produce the sensor.  The pattern for the fabric is identical for both the 

top and bottom layers, Figure 9a.  Both the top and bottom layers are attached by stitching the rubber 

elastic strips to both ends of the fabric closest to the sensor as shown in Figure 9b and Figure 9c and 

then stitching the elastic at the Velcro® ends.  

 

 

Figure 9. Capacitive sensor belt design for respiration sensing (a) pattern for top and bottom layers (b) top layer with 

pickup attached and elastic stitched to end (c) bottom layer (face up) with drive plate pattern attached and elastic 

stitched to end (d) top view of assembled belt (e) bottom view of assembled belt. 
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One problem that arose with the double substrate design was related to determining how to 

reliably connect the two layers with electrical interconnects.  The electronics are intended to reside on 

the top layer, since the pickup’s path must be short to reduce stray capacitance.  As a result, the drive 

signals and guard signal must be routed to the bottom layer in a reliable manner and without 

restricting the belt movement.  Routing these signals to the bottom layer was problematic since the 

two layers are only connected by elastic.  The solution was achieved through the use of a conductive 

elastic material made by Textronics™ [9].  The conductive elastic has excellent stretching range but 

is weak in elastic strength.  Instead of substituting the weaker elastic for one of the rubber strips, the 

conductive elastic was attached on top of a rubber elastic strip.  The rubber strip was reduced in width 

to slightly reduce its elastic strength since its combination with conductive elastic is stronger than the 

elastic by itself.  The conductive elastic was stitched to the bottom side of the belt on top of the rubber 

elastic, folded over the edge, and sandwiched under the Velcro®, see Figure 9d and 9e.  The 

embedded conductive yarns found within the conductive elastic were bonded to their respective drive 

plates by forming a via and passing the yarn through the hole.  Each connection was made permanent 

by filling the via with conductive epoxy. 

The initial belt design is a proof of concept device and does not include the wireless 

instrumentation.  In these early stages the interest was in evaluating the sensor and belt performance 

before proceeding with a wireless design.  As a result, two connectors were placed on the belt to 

connect the pickup and the drive plates to external instrumentation.  Also, since prototyping with 

screen printing can be quite expensive and take additional time for screen fabrication, the sensor 

plates were rapid prototyped with aluminum foil and copper foil.  This prototype belt design was 

fabricated for both the 45 mm and 60 mm capacitive sensors, see Figure 10.  

The belt was applied to the body in the same manner as the Pneumotrace® II.  The Velcro® 

strap was first attached to one end of the belt.  Then, the belt was held in the desired position around 



the chest or abdomen.  While the subject was taking a deep breath, the sensor section was stretched 

until the pickup plate was almost out of range for maximum sensitivity and finally the other Velcro® 

end was securely fastened.  In a similar manner to the Pneumotrace® II, the strap length can be 

adjusted to fit people of different sizes.    

 

  
(a) (b) 

                Figure 10. Prototype Belts (a) top and bottom view of design alongside the Pneumotrace® II (top) for 

comparison (b) 45mm belt (bottom) 60 mm belt (top) designs. 

 

Soon after the initial testing of the belt and its design it was realized that the friction existing 

between the two layers was problematic.  The firm placement of the belt around the body causes the 

two sensor layers to rub together thereby restricting smooth operation of the sensor.  In order to 

reduce the friction and allow the two layers to smoothly slide over each other, a plastic layer was 

attached to the inside of each layer.  Adding the slick plastic material (taken from a Ziploc® bag) 

between the two layers significantly reduced friction and allowed the belt to stretch properly when the 

chest or abdomen expanded.  
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III. CAPACITIVE SENSOR INSTRUMENTATION 

A. Instrumentation Circuit 

There are several different ways to configure a differential capacitive sensor circuit.  The 

simplest and most effective configuration found in the research was to arrange the plates in a 

capacitive bridge while driving the two bottom plates with a balanced drive.  The capacitive bridge 

and balanced drive produces a reference centered ratio-metric 2x output that is insensitive to power 

supply fluctuations and other circuit parameters [6].  Figure 11 shows the front end of the differential 

capacitive sensor with its output buffered through a 1x voltage follower.  A high value (1MΩ) bias 

resistor was placed from the positive input of the follower to the reference to provide a path for the 

amplifier’s input bias current.  The bias resistor prevents the output from drifting to the supply rail.  

The bias resistor also provides a convenient way to center the output on a virtual ground for single 

supply operation.  The remainder of the circuitry is basic signal amplification using an inverting 

amplifier with a gain of 4.7 and a passive high pass filter on the final output to reduce any low 

frequency disturbances.  
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Figure 11. Capacitive sensor instrumentation circuit front end. 

 
The simplicity of the circuit design is due to the effective use of a microcontroller (MCU).  

Here, the microcontroller serves as the balanced drive, analog-to-digital converter, and signal 

processor.  This effective utilization of the MCU reduced the number of external components thereby 
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minimizing the overall area consumed by instrumentation.  The microcontroller chosen for this 

research was the Texas Instruments MSP430F2274 due to its high density of features and ultra low 

power capabilities. 

B. Balanced Sensor Drives 

The two drives considered for exciting the capacitive sensor design were the 180° and the 90° 

drive as outlined in [6].  The 180° drive was initially selected due to its popularity and ability to 

generate a reference centered ratio-metric 2x output.  However, testing found that the 180° drive was 

inadequate for this sensor design because it was too sensitive to the gap changes between the two 

layers that comprised the sensor.  Further research revealed that a 90° drive was much more 

insensitive to gap changes so it became the preferred drive circuit for the sensor instrumentation. 

1) 180° Drive: 

The balanced drive chosen for the differential capacitive sensor was originally the 180° drive.   

This drive used two 3 V amplitude 75 kHz square waves that were 180° out of phase with each other.  

Examples of typical waveforms that are produced by this drive circuit are shown in Figure 12.  The 

resultant capacitive sensor output has two opposite polarity segments that vary with the position of 

the pickup plate.  These two segments are labeled A and C and the position of the sensor is computed 

by taking the difference between the two values. 

 

 

Figure 12. 180° drive waveforms with arrows indicating amplitude variation as the sensor changes position. 
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The 180° drive outputs were generated directly from the MCU’s two timer outputs and 

connected directly to each respective drive plate.  The timer was initialized as an up/down counter 

with two outputs in toggle mode.  The timer outputs were setup to have opposite values so that they 

toggled 180° out of phase with each other.  The timer runs at 12 MHz so the timer’s compare value is 

appropriately set to create a 75 kHz signal.  

The drive was set to run for a short period of time to conserve power and efficiently sample 

the position at 100 Hz.  Since the drive is inactive for a period of time, there is an initial period of 

stabilization when the drive is activated to collect a new sample.  Figure 13 shows the stabilizing 

behavior of the sensor.  This “stabilization time” is taken into account by having the MCU wait for 

500 µs before sampling the A and C signal segments.  The drive is activated and the signal is allowed 

to stabilize for 500 us.  After waiting 500 us, the MCU records 20 samples during the sample interval 

indicated in the figure.  The 20 samples are alternating A and C values so there are 10 samples 

recorded for each segment which are averaged and subtracted to determine the position.  
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Figure 13. Capacitive sensor output for one sample period showing stabilization of signal for a time of 500µs. 
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2) 90° Drive: 

The 90° drive recommended by [6] is used for systems that exhibit unwanted gap variation or 

have poor gap tolerances.  This particular drive utilizes two inputs that are 90° out of phase to 

produce a four component sensor output.  Figure 14 shows the two drive signals in addition to an 

example output signal which demonstrates the four components A, B, C, and D.  The two components 

A and C vary with a change in plate position and are the same as A and C described in the 180° 

waveform.  Components B and D are independent of position and serve as an amplitude reference to 

help compensate for changes in amplitude when the gap between the plates changes. 

Initially, a 90° drive was built as described, however generation of the two waveforms and 

ADC synchronization required the use of two separate timers.  The use of the only two timers on the 

MSP430F2274 created a problem because a timer was also required for the real-time clock that is 

used to wake the system up with a frequency of 100 Hz.  Also, the ADC was pushed to its limit 

because the four components are only ¼ the width of the drive period.  When using a 50 kHz drive 

system, the ADC is required to sample with its minimum 5 µs period at 200 kHz and this can lead to 

noisy conversion results.  

 

 

Figure 14. 90° drive waveform showing variable segments ‘A’ and ‘C’ and amplitude reference segments ‘B’ and ‘D’. 

 
These limitations prompted reconsideration of the 90° design.  The capacitive based Vernier 

caliper design found in [6] used a composite waveform which served as the 90° drive when combined 
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properly.  This composite waveform is realized by looking closely at the 90° waveform in Figure 14. 

Closer examination reveals that the segments A and C occur when the drive signals are opposite in 

value and segments B and D occur when the drive signals are the same value.  These same values can 

be produced with two separate waveforms.  The A and C segments are produced using the 180° drive 

as mentioned earlier and the B and D amplitude reference segments are produced using a 0° drive.  

The composite 90° drive is shown in Figure 15.  The composite 90° drive runs each portion at 75 kHz 

to be consistent with the original 180° drive.  

 

 

Figure 15. Composite 90° waveform showing both 180° and 0° drive waveforms and resulting output. 

 
The position is computed by taking the ratio of the variable amplitude to the amplitude 

reference. The variable amplitude is the same as the 180° drive position calculation and is computed 

by subtracting the two variable amplitude segments A and C.  The amplitude reference is computed 

by subtracting the two reference segments B and D.  Position is then determined using the following 

equation: 

DB
CAposition

−
−

=                                                                 (8) 

In practice, the position is calculated using the averaged values of each segment.  The 

composite 90° drive is setup to run each waveform for 10 cycles following a 500 µs stabilization 
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period, meaning 10 values of each segment were collected and averaged.  The algorithm developed 

for the MSP430 reduces the number of computations.  The algorithm uses sums instead of averages 

since the number of averaged values cancels out in the position calculation.  The simplified position 

equation is, 
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Because the position calculation is always a fraction less than one, the numerator is scaled by 

1000 to preserve three decimal places.  The position value is also offset by 1000 so ideally the 

position calculation produces values from 0 – 2000 units.  The following equation was used with the 

MSP430F2274 MCU for the experiments that follow where n = 10, 
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IV. EXPERIMENTAL RESULTS 

A. Characteristic Sensor Output 

The characteristic outputs of the 45 mm and 60 mm v-ramp designs were obtained by 

designing and building a custom test fixture, see Figure 16.  The custom test fixture was designed to 

measure the sensor output at different displacements and with different gaps between the sensor 

plates.  From these measurements, the nonlinearity and the influence of gap changes on the sensor 

performance were quantified.  The results were collected by adjusting the micrometer stage to move 

the top pickup plate in 2 mm increments for each measurement.  The variable gap, while held 

constant for each experiment, was adjusted by using an assortment of color coded plastic shims with 

the following thicknesses: 0.002, 0.005, 0.015, 0.030, and 0.060 inch.  The first measurement at 0.000 

in gap was taken without any shim, in order to measure the output of the sensor with its intended plate 
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gap.  As shown in the figure, the pickup was firmly held down by a 500 g insulated weight during 

each measurement period.  

 

 
 

Figure 16. Characteristic output test fixture with micrometer stage. 

 

The 180° and 90° characteristic outputs for the 60 mm design were collected simultaneously 

and plotted in Figure 17. The 45 mm results were visually similar so there was no benefit in 

displaying the results from both designs.  
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Figure 17. Characteristic output for 60 mm vramp using (a) 180° drive (b) 90° drive. 

 
At each increment the output was sampled at 100 Hz for 2.5 seconds to measure variability 

and improve the least squares line computation.  The data points shown in Figure 17 represent an 

average of the 250 points collected at each increment.  In addition, the data points were normalized to 

one to allow a fair visual comparison of the two different drive methods.  The visual comparison of 

the two graphs in Figure 17 shows that the 90° output response is linear and gives approximately the 
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same reading independent of the plate gap.  Thus, the 90° method appears more suited for capacitive 

sensing, especially when the plates are not fixed.  The 180° drive output response varies significantly 

depending upon the gap.  This suggests that the 180° drive is very sensitive to any gap variation.  

However, it must be pointed out that the overall response is linear if a fixed gap version of the sensor 

design is used.  

The linear least squares lines shown in Figure 17 were computed and drawn for every plot to 

quantify the linearity of each method and to determine how the gap influences sensor linearity.  The 

linear fit line was computed on the 0.000 inch data for each method while the data points (0.000 – 

0.060 inch) were compared to that line for linearity.  The reasoning behind this approach is based on 

the fact that the desired gap for sensor operation is 0.000 inch, but there is the potential for the gap to 

vary and create nonlinearities.   

1) Nonlinearity: 

The two parameters of interest for quantifying the nonlinearity for the two drive systems are 

the R-squared (R2) goodness of fit value and the nonlinearity error as percent of full range output.  

The R-squared value and the nonlinearity error were determined using the linear least squares line 

computed from the 0.000 inch data.  These two values are listed in the two tables below for every 

plate gap.  The nonlinearity data from the tables show that the 180° output response has a greater 

nonlinearity even at 0.000 inch plate separation. This nonlinearity appears to occur at the end points 

of the line and is due to either fringing effects, or to the added effect, of drive plate spacing as 

mentioned earlier in the sensor linearity section. The R-square values and the nonlinearity values for 

the 45 mm and 60 mm designs worsen considerably when the gap size increases while using the 180° 

drive.  Quantitatively, these values show that the 180° is not suitable for the capacitive sensing belt 

when assuming that the gap changes.  In other words, the values produced by a variation in the gap 
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can cause the sensor to read false positions of up to 17.6 mm (calculated from 60 mm design’s 

nonlinearity data at 0.060 inch gap) from the actual position for a worst case scenario.  

The table results for the 90° method show that the linearity is preserved regardless of spacing 

especially when compared to the 180° method, Table 4.  Additionally, the R-squared values indicate 

that the output data fits nicely with the least square error line for all tested plate gaps.  Consequently, 

the least square error line is a viable model for converting the sensor output data to a dimensional 

value regardless of plate separations up to 0.060 inch.  Please note that this sensor may be capable of 

operating linearly at even higher plate separations but this was not necessary for these experiments. 

Thus, the 90° drive method was confidently chosen for the final version of the sensor instrumentation 

because it could maintain linearity, even with an unwanted variable spacing.  Based on the data 

recorded from the characteristic output experiment the sensor system performance metrics were 

specified. 

Table 3. Nonlinearity measures for 180° output data. 

 45 mm Design 60 mm Design 
Gap (in) R-square Nonlinearity (%) R2 Nonlinearity (%) 
0.000 0.9994 1.59 0.9991 2.48 
0.002 0.9911 5.56 0.9966 4.63 
0.005 0.9738 8.33 0.9873 7.01 
0.015 0.8680 15.16 0.8903 14.37 
0.030 0.5195 22.70 0.5797 21.03 
0.060 -1.1251 32.22 -0.6831 29.39 

 

Table 4. Nonlinearity measures for 90° output data. 

 45 mm Design 60 mm Design 
Gap (in) R-square Nonlinearity (%) R2 Nonlinearity (%) 
0.000 0.9996 1.54 0.9996 1.30 
0.002 0.9992 2.44 0.9997 1.32 
0.005 0.9992 2.23 0.9997 1.30 
0.015 0.9993 1.96 0.9997 1.30 
0.030 0.9996 1.43 0.9997 1.41 
0.060 0.9994 2.05 0.9996 1.92 

 
 



2) Sensor Specifications: 

These sensor specifications assume that the sensor will most likely operate in the 0.000 – 

0.015 inch range of plate separation.  The linear fit equation that was derived from the raw data for 

the 60 mm sensor is: 

427.25485.32 += xr                                                               (11) 

The variable x is the known input dimension in millimeters and r is the predicted response of 

the sensor.  From this equation the sensitivity of the sensor was computed as 32.485 units/mm.  

According to [10], the accuracy of a linear sensor is equal to the nonlinearity.  Assuming this to be 

true the accuracy and nonlinearity are approximately 1.3% the full range output.  The computed 

resolution was based on the variability of the data.  The maximum variability was measured from the 

0.000 – 0.015 inch gap data and was 5.3 units.  Assuming the variability oscillates around the precise 

value of the output data, the distance between two output values is two times the variance or,  

2
1 2σ+=+ ii rr .                                                                 (12) 

The resolution in (mm) is determined by finding the distance between xi and xi+1.  Using the equation 

for a line we have the following equations where b is 25.427 and m is 32.485, 
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Substituting (12) and subtracting (13) and (14) yields the resolution,  

m
res

22σ
=                                                                             (15) 

Using the variance σ2 = 5.3 units, found by using a 0.015 inch gap and using m = 32.485 

units/mm, the estimated resolution for the 60 mm sensor is 0.330 mm.  Since the variance was found 

to increase with increasing gap, the resolution is partially dependent on the gap.  Fortunately, the belt 
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tightly placed on the body will pull the sensor plates together so the gap will likely to be on the lower 

range. The specifications for the new v-ramp design using the 90° method are listed in Table 5. Based 

on these specifications, the new v-ramp design appears well suited for measuring tidal breathing 

changes (12 mm) and is capable of measuring deeper breathing with circumference changes up to 60 

mm.  

Table 5. Specifications for 90° v-ramp capacitive sensor design. 

Specification 45 mm design 60 mm design 
Voltage 3.0 V 3.0 V 
Sensitivity 42.02 units/mm 32.485 units/mm 
Accuracy 2.5 % full range 1.3 % full range 
Nonlinearity error 2.5 % full range 1.3 % full range 
Resolution 0.090 - 0.180 mm 0.270 - 0.330 mm 

 
 
B. Respiration Measurements 

The new capacitive sensor belts were tested to determine their viability as respiration sensors. 

These tests consisted of two separate breathing experiments that were designed to examine the 

sensor’s response to normal breathing, deep breathing, panting, and motion artifact.  The experiments 

involved placing the belt around a subject’s chest as shown in Figure 18.  The belt was then tightened 

around the chest by asking the subject to take a deep breath while stretching the belt with the Velcro® 

strap to maximal sensor displacement.  The belt was tested in conjunction with a spirometer using the 

MLT1000L flow head and PTK10 human respiratory kit made by ADInsruments to provide a method 

of comparison.  Data was collected from the spirometer using ADInstruments PowerLab 4/25T with 

Chart v5.0.  The capacitive sensor data was collected using a serial link from the MSP430 to a PC 

running a custom made serial DAQ designed in MATLAB®.  These two systems were synchronized 

by externally triggering the PowerLab® device with the MSP430 MCU during the beginning of each 

experiment.  

 



 

Figure 18. Capacitive sensor belt placed around the chest. 

 
The first experiment evaluated normal breathing and looked at the influence of motion 

artifact.  This experiment was repeated three times using each belt, and on three individuals.  Figure 

19 presents results from a subject wearing the 45 mm capacitive sensor belt.  The subject, while 

sitting, was instructed to breathe according to the five sections defined in Figure 19.  This experiment 

was designed to reveal the sensor belt’s susceptibility to motion artifacts from typical body 

movements other than breathing.  Apparently, most respiration sensors that are found in a belt form 

suffer from similar movement artifacts.  The literature indicates that this is due to the ambiguity of, 

for example, chest movement from breathing versus chest movement from arm or shoulder 

movement.  This type of motion artifact was observed in [11] and by carrying out a similar set of 

experiments to the ones used in this research.  Example waveforms from our belt are shown in Figure 

19.  A movement artifact was observed in section D at the point where the subject being tested raised 

their arm.  One concern about the response in section D is the fact that the output did not immediately 

lower after the subject had lowered their arm.  One possibility is that the frictional forces between the 

two layers of the belt are greater than the elastic constant of the belt.  That is, the belt will not return 

to its equilibrium position until the subject expels their breath going into section E.  Only then will 

the elastic spring force be large enough to overcome the “stiction” force generated between the sensor 
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plates.  Overall, the spirometer and sensor belt output responses from this experiment correlate well.  

Given these encouraging results, there is a high probability that the respiration rate can be accurately 

computed from the output data of the capacitive sensor.   
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Figure 19. Composite graph of respiration experimental results evaluating normal breathing and motion artifact. 

The experiment required; A: 15 s normal breathing. B: 5 s hold breath. C: 30 s normal breathing. D: 5 s hold breath 

and arm movement. E: 30 s normal breathing. Note that the data for each trace was normalized to one, scaled, and 

shifted for visual presentation. 

 

The second breathing experiment was designed to evaluate the belt’s overall performance.  

Figure 20 shows the results for one subject and describes the experimental protocol.  This test was 

also repeated on three subjects, three times, with each belt.  The sections that deserved the most 

consideration were the first two sections A (normal breathing) and B (deep inhale and exhale).  While 

the respiration rate was still observed in both signals, the capacitive respiration signal was attenuated 

significantly during normal breathing.  This attenuation was measured by normalizing both outputs so 

that the deep breathing amplitude was set to 1.0.  Upon normalization, the deep breathing signals 

matched closely whereas the normal breathing signal from the sensor belt (A) showed attenuation.  

Also, the breathing signal from the sensor showed flat tops on each local minima and maxima.  The 
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attenuation was quantified by analyzing the average ratio of amplitudes from all of the subjects’ data 

for normal breathing.  Computation showed that there is on average a 0.214:1 relationship between 

the two signals (capacitive sensor belt to spirometer) from the normal breathing segment A.  Please 

note that the data presented in each figure for the sensor belt is only from the chest and it is not 

expected to match the spirometer output exactly because breathing effort is a combination of the chest 

and abdomen movement.  
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Figure 20. Composite graph of respiration experimental results evaluating deep breathing and panting. The 

experiment required; A: 30 s normal breathing. B: 10 s deep breath. C: 15 s normal breathing. D: 10 s panting E: 20 

s normal breathing. Note that the data for each trace was normalized to one and the spirometer data shifted for 

visual presentation. 

 

By inspecting the recorded data from the sensor belt during the tests, the following 

conclusion was made with respect to the problem with attenuation during normal breathing.  The 

attenuation is most likely resultant from the belt compressing on the body.  During normal breathing 

the belt is compressing on the body and the skin is absorbing some of the changes in circumference.  

This compression is likely due to the tightness of the belt and when very small breaths are taken.  

Hence, as the chest expands during normal breathing the belt tightens around the body causing the 
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skin to compress at the same time the belt stretches.  However, the belt is only able to move by an 

amount less the compression during this period so there is a significant attenuation of the output.  

Once a larger breath occurs like the deep breath in B, the belt has already tightened and compressed 

the skin so it performs closer to desired response.  

Compression aside, there is still a noticeable amount of friction between the two layers, even 

with the smooth Ziploc® bag material in place.  Since the space between the belts is in constant 

contact due to the curvature of the body, the layers will continually rub together.  In addition, the 

elastic is rubbing against the opposite layer so it is not generating strong enough forces to overcome 

the frictional forces between the two layers.  The elastic stretches over the bottom layer and is held in 

place by friction.  As a result, the elastic’s effective strength is weakened as it is unable to evenly 

distribute force.  This behavior was visually observed during the respiration experiments.  The 

flattened tops of normal breathing patterns are also evidence of the belt stopping at a certain point 

even though the chest was still moving.  

 

 

Figure 21. Optical encoder attached to capacitive sensor belt. 

 

In order to confirm that the problem noticed in the capacitive sensor’s output signal was 

associated with the belt design and not the sensor design, an optical encoder (EM1-0-150 US Digital, 

having a resolution of 150 lines/inch) was attached to the belt, Figure 21.  The optical encoder was 
 

92 



 

93 

adhered to the top fabric layer on the belt while the encoder strip, LIN-150-7 US Digital, was attached 

to the bottom fabric layer.  The encoder strip was elevated to the optical encoder’s slot by two 0.060 

inch stacked shims.  The results were collected concurrently with the 45 mm capacitive sensor belt 

and are presented in Figure 20.  The normalized results show that the encoder and capacitive sensor 

outputs are nearly indistinguishable. Thus, the capacitive sensor is performing as desired while the 

mechanical belt design is responsible for the overall output response. 

V. CONCLUSIONS 

This paper presents a capacitive sensor design intended for respiration monitoring.  The 

design is linear with sufficient resolution to measure a wide range of breathing from normal breathing 

to deep breathing.  In addition, the 90° composite drive system that was designed to excite the sensor 

makes the overall system extremely resistant to nonlinearities produced by gap disturbances that can 

occur in the sensor design.  Furthermore, the design dimensions are easily customized by using the 

automatic pattern generator so that the design can be scaled to almost any size depending upon the 

application.  The design is also highly capable of screen printing since we have taken into account the 

feature limitations of screen printing.  Previous results in [5] have demonstrated that sensor plates on 

even a much larger scale are capable of screen printing with good results.  

The belt design presents a modification of the two layer design presented in [5].  A novel 

addition to the belt design was the electrical connection of the two layers by the use of commercially 

available conductive elastic.  While the capacitive sensor belt implementation is capable of measuring 

normal breathing and deep breathing there are still problems with the belt design that need resolving. 

The biggest issues are friction between the moving layers and poor elastic operation.  With a properly 

designed belt, the capacitive respiration sensor will be able to measure lung function parameters like 

vital capacity in addition to normal breathing. 
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Most of the future work on the capacitive sensor belt lies with the improvement of the 

mechanical belt design.  Further work is required to solve the friction issues and find a more suitable 

elastic material.  Work also remains towards the integration of the wireless instrumentation system on 

the sensor belt.  We plan to use a modular wireless sensor node developed for wearable health 

monitoring applications.  
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Chapter 4 

A Modular Wireless Sensor Node for Wearable Health 

Monitoring Systems 
 

Abstract— This paper demonstrates how a small and unobtrusive modular wireless sensor node 

(MWSN) system can be integrated into health monitoring clothing applications.  The wireless sensor 

node is comprised of a wireless module and a custom sensor module, and is well suited to the 

physiological parameter measurement.  Several sensing applications were constructed and tested 

using the MWSN concept to demonstrate the generic capabilities of the overall design.  The first 

application involved integrating the MWSN into a custom designed ECG belt.  In this application the 

sensor was a textile based active electrode and the electronic textile circuitry was fabricated using 

embroidery.  The second application converted an existing capacitive sensor belt into a MWSN 

design for monitoring respiration.  The third application used the MWSN concept to build a simple 

activity patch where, in this instance, a 3-axis accelerometer was the sensor of choice.  Results 

obtained from these three applications demonstrate that the MWSN concept is capable of interfacing 

with a variety of health monitoring sensors while preserving signal fidelity in the captured data.  The 

MWSN system is also capable of communicating over a range of 6 meters, which indicates that it has 

the capability to transmit captured data to an access node that can be attached to a smart phone or 

similar device held in close proximity.  This MWSN system is capable of intelligently monitoring for 

vital signs, organizing and interpreting the data gathered from the sensor, or sensors, at a variety of 
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levels, such that it can instantaneously and intelligently advise the wearer, or responder, of the health 

and condition of the wearer.  

I. INTRODUCTION 

A health monitoring garment is an attractive concept because, through its use, a large amount 

of physiological data can be gathered from the wearer during everyday life, and over a period of time.  

This long-term type of monitoring clothing will improve the detection, early diagnosis, and treatment, 

of diseases that are undetectable in clinical settings.  Such a system will also improve the monitoring 

of early release post-operative patients, provide early warnings for prevention, and be useful in terms 

of monitoring for vital signs in safety and security applications.  A system properly designed will be 

integrated almost entirely into clothing so that the wearer does not have to replace hardware or 

components between uses.  Replacing the hardware in a garment that has several separate sensor 

nodes will become tedious and introduce user error in regards to correct placement and operation.  

Complete hardware, i.e., sensor, microcomputer, and communication system, integration into clothing 

for this type of application has yet to be realized.  While many current systems have solved issues in 

regards to electronic textile interconnections, there is still no solution to providing a modular wireless 

sensor node (MWSN) system that can easily be embedded into clothing in an unobtrusive manner. 

There are several examples of sensors and systems integrated into clothing. For example, 

Buechley has produced a set of commercially available sensor modules, LilyPad Arduino, that can be 

hand stitched onto garments and disguised as broaches or fashionable patches [1].  However, this 

system does not have a wireless solution and the modules are somewhat large and inflexible to be 

considered for a practical long-term monitoring solution.  Currently, most wireless systems used for 

health monitoring are units that can be removed from a garment, and these units remain large and 

bulky.  Smaller solutions do exist like the modular SAND and ECO Node designs, but they do not 



offer a way in which they can be integrated into textiles [2, 3].  Recently, Linz et al. developed a 

Bluetooth wireless ECG shirt by attaching a self-contained, thin, flexible circuit to an athletic garment 

[4].  This flexible circuit contains the instrumentation for conditioning an ECG signal, microcomputer 

unit, and radio, in the form of a relatively small package.  A major benefit of this design is that is that 

it is hosted on a thin substrate.  This allows an embroidery machine to automatically punch directly 

through the peripheral pads to connect the module to the external sensors and interconnections that 

are embroidered onto the substrate.  While this design shows great promise for health monitoring 

garments, its limitation is that it can only measure biopotentials, e.g., ECG.  Consequently, this 

wireless sensor node must be continuously redesigned to accommodate any new health monitoring 

sensor that is required. 

In this paper we propose a small modular wireless sensor node (MWSN) system as a solution 

towards integrating multipurpose hardware into clothing for health monitoring.  The proposed system 

has multifunctional features that enable it to accommodate a diverse range of sensors for health 

monitoring.  Here, the MWSN is applied as an ECG sensor belt, a capacitive respiration sensor belt, 

and as an activity patch, for the purposes of a proof of concept.  The MWSN design and application 

thereof are described in the sections to follow.  

 

 

Figure 1. Wireless long-term health monitoring garment using wireless sensor system 

 

98 



 

99 

II. MODULAR WIRELESS SENSOR NODE (MWSN) DESIGN 

The goal of this research was the design and fabrication of a MWSN system for incorporating 

into clothing for long-term health monitoring.  The approach taken towards realizing this MWSN 

was: (1) the development of a generic wireless sensor node, and (2) the development of custom 

designed sensor modules to interface to the wireless sensor node.  These two modules are attached 

together like building blocks to form a MWSN.  MWSN’s, once constructed, transmit sensor data to 

an access point for processing, storage, and analysis.  The key components of this design are: wireless 

modules, sensor modules, an access node, and a smart phone or PC.  When combined, these 

components make up a network of wireless sensors that can be implemented into a monitoring 

garment, see Figure 1. 

A) Wireless Module Design 

A MWSN design must demonstrate versatility, since it is intended for multiple health 

monitoring uses.  As a result, the design was made generic to meet the requirement that it be used for 

multiple applications, and even extend beyond health monitoring into other applications.  As stated in 

the Introduction to this section the MWSN was made generic by modularizing the design into two 

main parts: (1) a wireless module, and (2) a sensor module.  The wireless module provides the 

processing power to acquire, preprocess, compress, and transmit data wirelessly to an access point.  

The sensor module contains the specific sensor instrumentation and additional circuitry required for 

the application of interest, e.g., ECG, capacitance, or acceleration.  

The overall MWSN design was centered on the design of a standardized wireless module, 

thereby facilitating sensor module designs that conform to this standard wireless module.  The 

standardized wireless module design is best explained by examining Figure 2.  The wireless module 

design is composed of an optimized set of components. These components were carefully selected to 

maximize the generic nature of the module and to ensure its suitability for a range of applications.  



The key components of the design are the MCU and radio.  The Texas Instruments (TI) 

MSP430F2274 was selected as the MCU for this design because of its ultra-low power, small size, 

higher clock speed of 16 MHz, and multipurpose I/O.  The Texas Instruments CC2500 2.4 GHz radio 

transceiver was selected for its low power, small size, high receive sensitivity, selectable gain of up to 

1 dB, and programmable data rate of up to 500 kbps.  The radio can therefore be programmed to 

maximize range, conserve power, and work in low signal strength environments.  This design also 

uses a Rainsun AN3216 2.4 GHz ceramic chip antenna, which has a peak gain of 0.5 dBi, and a 

TPS79930 3.0V low noise, low current voltage regulator.                      

MSP430 MCU

CC2500 Radio

Chip Antenna

15.5 mm

15
.5

 m
m

LED

3.0V Voltage Regulator

26 MHz Crystal

32.768 kHz Crystal

Discrete balun

 

 

                                   (a) (b) 
                                                            

Figure 2.  Wireless module design for modular sensor node (a) top view (b) bottom view 

                      

  The wireless module design takes advantage of the MSP430F2274’s multifunctional pin 

assignments.  Using reconfigurable pins increases the functionality of the device while maintaining a 

low external pad count.  Having a low external pad count is advantageous because it allows the pads 

to be larger and spaced appropriately to accommodate the limitations of electronic textile circuits.  

This multi-functionality design allows up to 11 general purpose I/O, 8 analog inputs (8 ADC 

channels) sampled with a 10 bit ADC, 4 external interrupts, one SPI port, full access to two 16-bit 

timers, full access to the 2 programmable internal OPAMPS, and a Spy-Bi Wire JTAG debug 
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interface (SBWTCK and SBWTDIO pins).  The pin assignments for the wireless module are provided 

in Table 1 and the pin locations are shown in Figure 2b. 

A unique feature of the design is that it uses a thin application dependant interposer PCB that 

attaches to a textile circuit.   This particular PCB design is economical because it is a two layer board 

that uses 0.007 inch feature sizes and 0.016 inch vias, which are well within the range for inexpensive 

board production.  The area of the design was minimized to what the authors believe was a fair 

compromise between size and circuit density.   

Table 1. Pin assignments for wireless module 

Pin 
No. Name I/O Timer Analog 

Input 
External 
Interrupt 

OPAMP Serial Voltage 
Reference Name Capture Compare Name Function 

1 GND - - - - - - - - - - 
2 P4.3 x TB0 CCI0B OUT0 A12 - OA0O Output - - 
3 P4.4 x TB1 CCI1B OUT1 A13 - OA1O Output - - 
4 P4.5 x TB2 - OUT2 A14 - OA0I3 Input I3 - - 
5 P4.6 x - - - A15 - OA1I3 Input I3 - - 
6 P2.0 x - - - A1 x OA0I0 Input I0 - - 
7 P2.4 x TA2 - OUT2 A4 x OA1I0 Input I0 - VREF+/VeREF-

8 P2.2 x TA0 CCI0B OUT0 A2 x OA0I1 Input I1 - - 
9 P2.3 x TA1 CCI1B OUT1 A3 x OA1O Output - - 
10 DVCC - - - - - - - - - - 
11 GND - - - - - - - - - - 
12 VCC_EXT - - - - - - - - - - 
13 SBWTCK - - - - - - - - - - 
14 SBWTDIO - - - - - - - - - - 
15 P3.3/SCK_B x - - - - - - - UCB0CLK - 
16 P3.1/MOSI_B x - - - - - - - UCB0SIMO - 
17 P3.2/MISO_B x - - - - - - - UCB0SOMI - 
 

The design goal was to constrain the wireless module board size to a limit that allowed all of 

the components to fit on the topside and to provide an unpopulated planar underside.  The design 

specification stipulated that it would be to this unpopulated underside that a sensor module, of the 

same dimensions, would be directly attached.  Since the sensor modules were designed to have the 

same size as the wireless module, the area needed to be large enough to accommodate sensor 

instrumentation circuitry.  The final area that was decided on after several revisions was 15.5 x 15.5 

mm which is around the area of a dime.   
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Board thickness was also a design consideration, since one of the project’s goals was to 

produce a thin unobtrusive MWSN.  In order to achieve a thin profile, without using expensive flex 

materials, the boards were made from 0.005 inch FR-4.  Since a wireless module and sensor modules 

are stacked to create a MWSN, the combined thickness of 0.005 inch boards is significantly less than 

typical FR-4.  Another benefit obtained from using a rigid FR-4 material, as opposed to flex circuitry, 

is that of handling the board for populating and processing.  Using the rigid FR-4 is beneficial 

because it can be handled with conventional circuit board processing equipment without the 

requirement of resorting to special fixtures.  Also, the placement of the board onto a textile was 

simplified because the board could be held at the edges, or by using a vacuum tool that holds onto the 

MCU package.  

The pads on the wireless module’s perimeter provide both a means for interconnecting the 

module to a textile circuit, and for connecting to an attachable sensor module, see Figure 2b.  The 

pads have a pitch of 2.28 mm and a 1.3 x 1.3 mm area, which are well within the limits for electronic 

textile circuits especially if they are of the screen printed type [5].  In other words, with currently 

available screen printing technology an interposer footprint can be produced with adjacent line widths 

that do not short out.  The screen printing limit is 0.300 mm for line width and spacing but the 

recommended sizes are 0.600 mm and 0.400 mm respectively [5].  The pads also contain vias to 

facilitate the attachment of a sensor module.  Furthermore, the modules can be hand stitched to a 

textile circuit by passing conductive yarn through the conductive vias, as in [1].  

B) Sensor Module Design 

Sensor modules were designed to interface with the wireless module.  Consequently, the 

wireless module design was used as the standard to follow for designing the sensor modules used in 

the research.  The sensor module design used the same board size as the wireless module, 15.5 x 15.5 

mm, and it was fabricated with the same thin substrate material, FR-4.  In addition, the perimeter pads 



are designed to align with the wireless module’s pads.  On the sensor module these pads are double-

sided, to allow one side of the sensor module to connect to the wireless module, and the other side to 

connect to a circuit on a textile substrate.  

Each sensor module is custom designed to meet the specifications of the sensing applications. 

However, there are a few rules that must be followed for each design.  First, while the size of the 

board is not limited to the wireless module size, the perimeter pads or vias must be located in the 

same position as the pads on the wireless module.  This must be achieved to ensure that a proper 

connection exists between the two boards.  Second, and because the perimeter pads are shared with 

the wireless module, special care must be taken when connecting adjacent pads between the sensor 

module and the wireless module, since they can be functionally different.  For example, a shared pad 

on the wireless module may interfere with an external sensor input on the sensor module.  Thus, the 

shared pads must be configured by either setting the pin on the MCU to an input in software or 

physically disconnecting the pads in the design.  The safest route is to physically disconnect the pads.  

This can be accomplished by removing the pad and via between the modules or using an insulator.  

Res
tric

ted

 

Figure 3. General sensor module design showing top view which is the mirror image of the wireless module 

 

The generalized sensor module design is illustrated in Figure 3.  This design demonstrates the 

pad/pin placement which is consistent with the wireless module design.  In Figure 3, the image is a 

mirror image of the wireless module, to allow the bottom side of this module to attach directly to the 

bottom side of the wireless module.  Figure 3 also shows the limited region available for circuitry and 
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component placement, which is due to the position of the sensitive wireless circuitry that exists on the 

corresponding wireless module.  The restricted area shown in Figure 3 is located in the corner of the 

module relative to the wireless node’s discrete balun and chip antenna.  This area should be left free 

from any components or metal as recommended by the chip antenna manufacturer.  Similarly, ground 

or power planes should not be positioned in this area.  In addition, the ground and power planes 

should utilize an array of vias to avoid producing unwanted resonating areas of metal, since these 

areas can interfere with the wireless signal. 

C) Access Node 

The access node provides a bridge from the wireless sensor nodes to a serial port on a PC or 

smart phone-type device.  The access node uses the same system design as the wireless module, but 

with the addition of the UART for serial communication, a push button for user interaction, and an 

additional LED to indicate status.  The access node design, shown in Figure 4, includes an inverted F-

Antenna for achieving larger transmission ranges, and an optional SMA connector to allow an 

external antenna attachment if required.  In this research the access node design was used as a radio 

receiver, to receive incoming data from sensor nodes and to pass this data to a PC for storage, 

interpretation, and display, using a MATLAB® program custom designed to perform this task.  The 

connection to the PC involved connecting a FTDI Serial-USB cable from a PC to the 0.05 inch 

connector on the left side of the board in Figure 4.  

 
 

Figure 4. Access node for communication with PC or smart phone 
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III. FABRICATION AND PROCESSING ON TEXTILES 

There are several possible methods for fabricating a sensor node and placing it on an 

electronic textile circuit.  The sensor node is created by either combining the wireless module with the 

sensor module, to create a MWSN, or by using a standalone wireless module.  The wireless module 

and sensor module can be combined by directly stacking them or they can be used separately to serve 

as individual islands on an electronic textile circuit.  In this research the stacked module approach was 

considered more convenient because it uses less area and reduces the complexity of the electronic 

textile circuit. 

The stacked approach designs vary depending on how the modules are oriented when 

combined.  The designs in this research stack the modules both bottom-to-bottom and top-to-bottom.  

The bottom-to-bottom stacking method requires gluing the modules together and bridging the inside 

pads with solder.  Soldering each inside pad is accomplished by flowing solder through the sensor 

module’s corresponding via to the wireless module’s via, thereby making the conductive path.  The 

top-to-bottom stacking approach requires the top of the sensor module to face the bottom of the 

wireless node.  This method puts the sensor module’s components between the two circuit boards so 

that there is a gap between the adjacent pads.  As a result, small pins must be soldered through the 

corresponding via holes to join the two modules.  Figure 5, shows cross-sectional views of the two 

stacking methods.  

The sensor nodes, once fabricated using either method, can be attached to an electronic textile 

by several of the popular methods explored in electronic textiles research, including: (1) gluing with 

conductive adhesive, (2) embroidering, and (3) hand stitching [1, 4, 6-8].  The prototype design for 

this research was intended for attachment by conductive adhesive.  Embroidery is another option for 

attachment, but it is essential that the material used should be 25 µm flex (polyimide), so that the 

embroidery needle can punch through the pads, as in [4, 8].  Hand stitching is also an option for such 



a sensor node design.  However, the current design here is not best suited for embroidery or hand 

stitching since there are no top pads on the wireless module for the conductive yarn to make direct 

contact with and the pad holes are too small for a needle. 

 

Figure 5. Methods for stacking modules to form sensor node (a) wireless module (b) sensor module (c) sensor node 

bottom-to-bottom stacked (d) sensor node top-to-bottom stacked 

 
The method of applying the MWSNs to an electronic textile with conductive adhesive 

requires a special treatment that depends upon how the modules are attached together.  If the modules 

are stacked bottom-to-bottom then a window or cutout must be created to allow the sensor module’s 

components to fit through the fabric, see Figure 6.  This method also requires that the electronic 

textile substrate be placed on a solid surface with a recessed cavity that has the same size as the cutout 

in the fabric and is deeper than the sensor module’s component height.  The cavity enables the sensor 

module’s perimeter pads to rest flush with the electronic textile circuit and make contact with the 

conductive adhesive.  Applying the sensor nodes in the top-to-bottom configuration does not require 

any special treatment when using conductive adhesive since the bottom of the sensor node is flat.  

While this method seems simpler when compared to attaching the bottom-to-bottom sensor node 

version, the downside is increased overall thickness, because the fabric thickness cannot consume 

some of the sensor module’s component thickness.  Figure 6 shows cross-sectional views of both the 

aforementioned attachment methods when using conductive adhesive.  
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Figure 6. Methods of attachment for two stacked orientations using conductive adhesive (a) bottom-to-bottom (b) 

top-to-bottom 
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Figure 7. Encapsulating sensor node using molding (a-b) or glob top (c-d) 

 
 The final step used in attaching the MWSN modules is encapsulation, see Figure 7.  The 

sensor nodes are encapsulated for durability since the components are otherwise at risk of breaking 

free from the circuit boards.  In addition, the conductive adhesive bonds, when used instead of hand 

stitching or embroidery, are weak compared to soldering, so the encapsulant protects these bonds 

from breaking.  The suggested method for encapsulation is to either dispense a glob top encapsulant 

or to mold an encapsulant over the sensor node in a similar manner to that in [9].  When dispensing 

the glob top encapsulant, a mask helps to control the pattern, since the encapsulant does not behave 

normally due to the surface characteristics of the fabric.  Also, the top and bottom side of the fabric 

must be encapsulated, especially when the components are exposed on both sides.  The recommended 
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glob top encapsulation is Hysol® FP4460.  Please see [4, 9] for further details on molding the 

encapsulant directly to the fabric. 

IV. SENSOR NODE APPLICATIONS 

 The MWSN was used in three wearable health monitoring applications.  The applications 

chosen for this research were: (1) an ECG monitoring belt, (2) capacitive respiration sensor belt, and 

(3) activity monitor.  For each application a separate sensor module was attached to the wireless 

module design to establish the desired MWSN functionality.  The combined modules were then 

applied to a belt or garment for their respective sensing application. 

A. Wireless ECG Monitoring Belt 

1) ECG Module Design: 

The ECG Module is a custom sensor module design for two lead ECG monitoring with a 

driven right leg electrode.  The design uses a modified version of the ac-coupled bio-amplifier circuit 

found in [10].  The modifications to the circuit in [10] include the selection of amplifiers, gain, and 

the low pass filter design, see Chapter 2.  The amplifiers were replaced with micro-power amplifiers 

to extend battery life and allow the use of smaller Lithium polymer batteries.  The first gain stage of 

the instrumentation amplifier and the driven right leg circuit used the dual OPAMP TI OPA2333 

while the remaining amplifiers used quad OPAMP TI OPA4379.  The bio-amplifier was designed 

with a gain of 393 and filter cutoff frequencies FHP = 0.04 Hz and FLP = 150 Hz for the associated 

high pass and low pass filters respectively. The filtered output is directed to an external pad that 

connects to an input of the wireless module’s 10-bit ADC that is built into the MCU.  

 



  
(a) (b) 

      Figure 8. ECG Module (a) top view (b) bottom view 

 
The assembled ECG module is shown in Figure 8.  This sensor module uses a 0.005 inch 

double-sided FR-4 circuit board with a 15.5 mm x 15.5 mm area.  The circuit artwork was arranged 

on the sensor module template by following the design rules established in section II.B.  In order to fit 

everything within the predefined component area, the board layout was created using 0.004 inch 

minimum features (line width and spacing) and 0.0063 inch vias.  The ECG module was created 

using the mirror image of the wireless module so that the two modules could be attached with the 

components facing out.  Thus, no components were placed on the bottom side of the sensor module.  

In addition, a green solder mask was added to the board to electrically isolate the two boards from 

shorting together except on the perimeter pads.  

The pin assignments of the ECG module are shown in Figure 9.  Since this module interacts 

with the wireless module and external sensors, the active electrodes from Chapter 2, the shared pads 

must be either disconnected or setup as inputs on the MCU.  Figure 9 illustrates the two different 

shared pads for this design with a color coding.  More importantly, the three pads going to the active 

electrode (E1) must all be physically disconnected because they will disrupt the radio’s SPI interface 

to the MCU.  The E2 input signal and the DRL output (E3) are the only other pads that are 

disconnected to avoid disrupting the ECG waveform.  The remaining pads are set to inputs in 

software by the MCU or are simply not used.  

 

109 



 

Figure 9. ECG module pin assignment and shared pad connectivity (component side); labeled pads also connect to 

textile circuit 

The ECG Module was designed for bottom-to-bottom attachment to the wireless module as 

described earlier in the fabrication and processing section.   In this design the disconnected pads in 

Figure 9 are removed on the bottom of the wireless module.  Future designs will exclude the 

conflicting pads and vias on the bottom side of the sensor module.  Finally, the ECG module and the 

wireless module were attached to form the ECG sensor node by aligning each other and soldering the 

inside pads together, Figure 10.  The inside pads were accessed by the vias located on the ECG 

module’s component side.  

 
 

 

+ 

 

Figure 10. Combining ECG Module with wireless module to form ECG sensor node (side view) 

 
2) Belt Design and Fabrication: 

The sensor node was implemented into a belt instead of a garment for a simple proof of 

concept in this research.  The belt included the integration of the sensor node in addition to two 

carbon rubber active electrodes (E1 and E2) that were presented in Chapter 2.  Also, since the driven 
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right leg (DRL) approach was utilized in the ECG module circuit design, a third electrode (E3) was 

added to the belt design.  

The fabricated belt design, best explained in Figure 11a and Figure 11b, consisted of both 

non-elastic and elastic fabric sections.  The non-elastic sections were used as areas for hardware 

attachment, e.g. sensor node and active electrode interposer circuits.  The elastic areas were added 

between the electrodes and sensor node to allow the electrodes to move with respect to the body 

which will help them maintain a more consistent pressure and limit skin slippage thereby preventing 

motion artifacts.  The sensor node section is located in the center of the belt and includes external 

square pads for power and programming.  The active electrode section uses the same design from 

Chapter 2 to produce the interposer style active electrode.  These electrodes are positioned on the belt 

so that they are centered under each pectoral muscle.  The DRL electrode (E3) is located next to the 

right electrode and positioned so that it contacts the person’s right side.  The electronic textile portion 

of the belt design was intended for hand stitching or embroidering conductive yarn.  The electronic 

textile interconnects were arranged in a sinusoidal pattern or zigzag pattern for the elastic portions so 

that the conductive yarn would still allow the elastic to stretch freely. 

 The belt was fabricated by hand stitching the non-elastic and elastic sections together so that 

the elastic overlapped the non-elastic fabric (Evolon® 100 g/m2) by 0.7 cm.  Next the electronic 

textile interconnects were added to the belt by hand stitching conductive yarn.  The conductive yarn 

was extracted from Textronics™ conductive elastic by de-laminating the fabric over a hot plate at 

approximately 110°C.  This conductive yarn was chosen for its high conductivity, durability, and 

availability. 
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Figure 11. ECG Belt design (dimensions in cm) (a) section including sensor node and two electrodes (b) section 

including driven right electrode (c) fabricated belt 

 

In order to attach the sensor node and the active electrodes to the textile circuit, the 

conductive yarn was left long at both ends of each line so that they could feed through the vias of 

each board.  There are disadvantages to using this method because the vias on the sensor node are too 

small to pass an embroidery needle through.  A future implementation will increase the size of the via 
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drill holes so that a needle can easily pass through the hole.  In order to get around this problem, a 

needle threader was used to pull the long end of the conductive yarn through the vias from the bottom 

side.  Each conductive yarn line was then stitched over the edge of the board and doubled back on the 

textile circuit, see Figure 12.  Perhaps a better alternative for a future implementation will be to use a 

flexible circuit with larger pads for the modules and allow the embroidery machine to punch the 

interconnect through the pads to form the connection like suggested in [4, 8, 9].  In the long-term this 

method will provide a means of automating the assembly of such belts. 

Carbon rubber electrodes were attached to the belt using conductive adhesive and hand 

stitching the edges as mentioned previously.  The active electrode interposer was located such that the 

input pad was placed directly over the electrode edge, see Figure 11a.  Connectivity between the input 

pad and the electrode was accomplished by punching a hole through the electrode and dispensing 

conductive adhesive through the via and newly formed hole.  An alternative method would be to 

stitch the conductive yarn through the electrode and via to secure the connection and hold the 

electrode and circuit board in place.  Conductive adhesive was still necessary to guarantee a reliable 

conductive connection between the input pad and the electrode.  

 

 
 

Figure 12. ECG sensor node attachment to textile circuit 
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 The belt design was completed, as shown in Figure 11c, when the adjustable straps were 

sewn onto the ends of the belt.  A final encapsulation step, similar to that proposed in [4, 8, 9], can be 

added to increase the durability of the belt design.  

B. Wireless Capacitive Respiration Belt 

The wireless capacitive respiration belt is a MWSN that uses a differential capacitive sensor 

to detect changes in the circumference of the chest or abdomen of a subject under test.  The 

respiration belt operates as follows, two parallel fabric layers are connected by elastic in such a way 

that the layers move in opposite directions relative to each other when stretched from both ends.  By 

using a variable area parallel plate capacitive sensor arrangement on the two layers, the movement of 

the layers is captured by the capacitive sensor.  This movement translates to circumference changes of 

the chest or abdomen when the sensor belt is attached to the body with a Velcro® strap.   

Previous research conducted by the author has shown promise in using the capacitive sensor 

belt for respiration monitoring.  The final part for this research was the integration of the wireless 

instrumentation directly onto the belt to allow for ambulatory respiration monitoring.  This was 

accomplished by designing a custom sensor module that contained all the necessary instrumentation 

circuitry for the capacitive sensor.   

1) Capacitive Sensor Module: 

The sensor module provides the instrumentation for conditioning the signal from the 

capacitive sensor while the wireless module samples the conditioned signal and provides the 

necessary 90° drive circuitry to drive the sensor’s stator plates through the use of built-in timers.  The 

operation of the system is identical to the system described in Chapter 3 with the substitution of a 

wireless link instead of the serial link to a PC.  The design was enhanced by giving the wireless node 

the ability to control the sensor module’s power by activating the regulator’s enable line.  The 

regulated voltage was also connected to the MCU’s external reference voltage on the wireless module 



for the analog-to-digital conversion reference.  The capacitive sensor module design is presented in 

Figure 13 which shows the minimal circuitry required for the analog front end.  The design easily fits 

into the constrained area defined for the sensor node component area.  

The sensor module was designed for top-to-bottom attachment to the wireless module so that 

the bottom side could rest flat on the fabric once assembled.  The alternative bottom-to-bottom 

configuration would have put the components of the sensor node face down on the fabric, which 

could distort the distance between the parallel plates as the components press against the fabric 

thereby creating nonlinearities in the sensor output. Since the pads of the sensor module and wireless 

module are separated by the component thickness when stacked top-to-bottom, the modules are 

combined by soldering pins between the adjacent pads.  The pins are soldered between adjacent pads 

2, 5, and 10. 

  
(a) (b) 

Figure 13. Capacitive sensor module (a) top view (b) bottom view 

 

Figure 14. Capacitive sensor module pin assignment and connectivity to wireless module 
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The sensor module design followed the rules for circuit area and component placement 

established earlier for the sensor modules.  The pin assignment of the capacitive sensor module is 

shown in Figure 14 where the only pin that must be disconnected from the wireless module is the pad 

connected to the pickup.  The remaining pins are configured according to Figure 14.  

2) Belt Design and Fabrication: 

The capacitive respiration sensor belt design is an update of the 60 mm range design 

presented in Chapter 3.  This design adds the electronic textile circuitry to the top fabric layer in 

addition to attaching the wireless sensor node that combines the wireless module and capacitive 

sensor module, Figure 15a.  The electronic textile circuit, shown in the Figure 15a, routes the drive 

signals, guard and includes a row of square pads for programming and providing power to the sensor 

node.  The sensor node is placed close to the capacitive pickup plate since the input line to the 

instrumentation is vulnerable to external capacitive coupled fields that can attenuate and distort the 

signal.  The sensor node is oriented on the belt as shown in Figure 15a with pad 1 in the top left 

corner.  

The belt was fabricated as two separate layers.  The top layer fabrication involved attaching 

the pickup electrode to the top side of the fabric.  Currently, the pickup electrode and guard is 

fabricated by cutting out copper foil into the specified patterns and soldering the two wires directly to 

the two sections respectively.  The copper foil has an adhesive laminated on the bottom so it is self-

adhered to the top layer fabric.  Please note that the guard also covers the top of the pickup.  The top 

guard was insulated from the pickup by placing a piece of the nonwoven fabric between the top guard 

and the pickup.  In future implementations, the pickup and guard will be fabricated by screen printing 

the pattern with silver ink.  



 
 

                               
  

                 (c) 

Figure 15. Capacitive respiration sensor belt (a) top view (b) bottom view (c) fabricated prototype with Velcro band  

 

The electronic textile interconnects on the top layer are produced by embroidering conductive 

yarn in the defined pattern.  The lines connecting directly to the sensor node pads are left long so that 

they can be fed through the board’s vias like with the ECG belt.  The sensor node was attached to the 

top layer by using a needle threader to feed the conductive yarn through each pad from the bottom.  

The conductive yarn was fed through both boards despite the gap created by the components in 

between the modules.  In order to ensure the conductive yarn electrically connected the two adjacent 
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pads, conductive adhesive was dispensed on each layer inside the board gap.  Ultimately, a thin 

flexible circuit material will be better suited for a final prototype, since the top wireless module will 

be able to conform to the sensor module and connect the adjacent pads directly.  The combined 

thickness of the stacked pads, when using flexible circuit material, should still be suitable for 

embroidering directly through the pads as suggested in [4, 8, 9].  

The bottom belt layer is mainly composed of the drive plates and conductive elastic.  The 

drive plates are fabricated in a similar manner to the pickup and guard on the top layer.  Here, the 

exception was that aluminum foil was used, because it was easier to cut the smaller features from.  

The pattern for the 60 mm drive plates was specified in Chapter 3. Next, conductive elastic was 

electrically bonded to each drive plate and the surrounding guard with conductive adhesive.  Finally, 

the two belt layers were attached by stitching rubber ends on the opposite sides in addition to the 

conductive elastic on the one side as shown in Figure 15a and b.  

C. Wireless Activity Monitor 

The wireless activity monitor is a patch designed to capture activity and posture. The monitor 

can be used for sleep monitoring studies and monitoring the overall activity of an individual.  The 

activity monitor relies on a sensor module containing a 3-axis accelerometer (Bosch SMB380) that is 

capable of measuring accelerations of up to 8 g.  The accelerometer module, Figure 16, requires only 

the accelerometer and two capacitors for power filtering.  The accelerometer pin assignment is shown 

in Figure 16c and shows that the SPI based digital accelerometer shares the SPI interface with the 

radio (SCK_B, MOSI_B, and MISO_B.  The additional lines are the chip select (CS) and external 

interrupt pin (not used for this application).  



    

(a)       (b)               (c) 
   

Figure 16. Accelerometer Module (a) top view (b) bottom view (c) pin assignment 

 
The activity monitor combines the wireless module with the accelerometer module to form 

the accelerometer-based MWSN.  The accelerometer module is attached to the wireless module in the 

bottom-to-bottom configuration like in the ECG belt design.  Since there are no conflicts between the 

connections of the wireless module and sensor module, all of the adjacent pads are connected without 

any special consideration.   

 The activity monitor patch design only requires the sensor node and the embroidered e-textile 

circuit for programming and power.  Fabrication involved embroidering the conductive yarn 

interconnects to a nonwoven fabric (Evolon® 100 g/m2) and leaving the conductive yarn ends long 

for sensor node attachment.  The sensor node was attached by feeding the conductive yarn through 

the pad holes with a needle threader and doubling back the conductive yarn.  The remaining pads not 

requiring conductive yarn were stitched down with a non-conductive black thread instead, see Figure 

17a and b.  In addition, snaps, size 4, were sewn on the power and ground pads for a battery patch 

connection.  Lastly, black snaps were added to securely fasten the battery patch to the module.  Please 

note, these snaps were also added to the ECG module for later experimentation.  The battery patch, 

Figure 17c, used PowerStream’s PGEB201515 3.7V lithium ion battery with a 10 mAh capacity.  The 
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battery is ultra-low weight (450 mg) and has a 15.3 x 14.4 mm area which is similar to the sensor 

node area.  The battery patch was designed to snap on the bottom of the accelerometer patch.  

 

   
(a) (b) (c) 

Figure 17. Activity monitor patch (a) top view showing accelerometer sensor node (b) bottom view (c) battery patch 

V. RESULTS 

The modular wireless sensor node (MWSN) design was tested for range, power, and its 

capability to perform in three health monitoring applications.  Initial testing of the MWSN design was 

accomplished by using a custom designed evaluation board.  The evaluation board was designed to 

facilitate the programming of the MWSN and enable evaluation of the sensor modules with and 

without the wireless module.  Programming is accomplished by a connecting the Texas Instruments 

eZ430 programmer to the 0.05 inch female header located in the top portion of Figure 18a.  The 

evaluation module also serves as a DIP adaptor so that the modules can be tested and prototyped with 

external circuitry and sensors.  The pin assignment for the evaluation module is provided in Figure 

18a. 

In order for the modules to connect to the evaluation board, pin sockets from 0.05 inch 

headers were inserted into oversized vias located on the center of the board.  These oversized vias 

were arranged in the same configuration as the sensor node so that the pins attached to each module 

would line up correctly.  The pins that mate with the pin sockets are soldered to the perimeter 
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pads/vias of each module as shown in Figure 18b where the wireless module is attached to the 

evaluation board. 
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(a) (b) 

Figure 18. Evaluation board for wireless module and sensor modules (a) pin out (b) wireless module attached 

A. Range Tests 

Range testing was performed on the wireless module by using a basic packet error rate (PER) 

test.  The PER test involved relaying 1000 16 byte packets between the access node and the wireless 

module using a 50 ms packet delay, 0 dB transmitter gain, and a 250 kbps data rate.  This test was 

performed outside in a open field with the two units elevated 1 m off of the ground.  The PER values 

were measured at 1 m distance increments until the maximum distance resulted in no communication.  

Results for the PER test are shown in Figure 19.  These results indicate that the range of the wireless 

module in this particular configuration is limited to approximately 6 m.  This range will be suitable 

for wearable monitoring applications where the access node is carried on the body in the form of a 

smart phone or PDA.  The limited range is attributed to the small chip antenna which has a peak gain 

of only 0.5 dBi.  However, depending on the application, the range can be improved by increasing the 

transmitter gain to 1 dB and slowing down the data rate.  
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Figure 19. Range test on wireless module conducted by measuring PER at 1 m increments 

 
B. Power 

The current consumption of the wireless module was monitored by placing a small value 

resistor in series with the device and measuring the voltage drop across the resistor.  In order to 

measure the current used in a typical operation, the wireless module was programmed with basic 

wireless data acquisition code to sample an ADC channel at 100 Hz, sleep, and transmit accumulated 

ADC data wirelessly.  The power measurements are given in Table 2.  The overall power 

consumption is low for this example considering that approximately 90% of the sample period (10ms) 

is spent in sleep mode.  

 

Table 2. Power measurements for wireless node 

Action Current (mA) 
Transmit pulse 21.2 
Sampling pulse (100 Hz) 5.0 
Sleeping (without regulator) 0.053 
Sleeping (with regulator) 0.103 
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C. Application Results 

The three applications of the MWSN were tested to evaluate their proof of concept operation 

and demonstrate the sensor node’s successful utilization in wearable health monitoring applications.  

Experimental results for each health monitoring application are shown in the following sections. 
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Figure 20. Wireless ECG Node measurements showing a sample from a 5 minute recording of both sitting and 

jogging in place. 

1) Wireless ECG Belt: 

The wireless ECG belt was tested to demonstrate its operation during sitting and jogging.  

The sensor node was programmed with the same basic wireless data acquisition code that was used in 

the power consumption measurements.  The wireless module was programmed to sample the ADC 

channel that is connected to the output of the ECG module with a rate of 100 Hz.  Once 16 samples of 

the ECG waveform are measured, the data is prepared into a packet and wirelessly sent to the access 

node that is connected to MATLAB® through a serial interface. The data is stored on a PC and 

displayed in a real-time plot programmed in MATLAB®. 

The experiment was executed by having a person wear the belt for 30 minutes to allow sweat 

to build up on the carbon rubber electrodes.  After 30 minutes, the sitting and jogging measurements 

were recorded for 5 minutes each, Figure 20.  The ECG results for both measurements visually 
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compare well with earlier experiments on the active electrodes which showed a strong comparison to 

commercial electrodes.  Additionally, the jogging data shows that the R wave of the QRS complex is 

clearly preserved which is a good indication of the belt’s usefulness for accurate heart rate 

monitoring.  Although, notice that the jogging section of Figure 20 demonstrates the occurrence of a 

missed packet where an entire QRS complex is missing.  While missed packets will certainly occur, 

the problem can be alleviated by implementing a protocol to have the node retransmit the missed data. 

2) Wireless Capacitive Respiration Belt: 

The capacitive sensor respiration belt that was used in earlier work was instrumented with a 

MWSN designed to consolidate all of the electronics into one area.  The wireless sensor node was 

programmed with the same general wireless data acquisition code set to sample at 100 Hz.  The main 

difference for this code was that the sample routine did not simply grab data from the internal ADC.  

Instead, the sampling routine executes the capacitive sensor methods to drive the capacitive sensor 

plates with a composite 90 degree drive and compute the sensor position based on values measured 

while driving the sensor.  The position of the sensor is returned each time the sampling method is 

executed. More details on this code can be found in Chapter 3.  

The wireless respiration sensor belt was tested to show its successful operation and compare 

it to standard systems like spirometers for respiration measurements.  The experiment required 

placing the belt around a person’s chest by almost maximally extending sensor portion while taking a 

deep breath and attaching the Velcro® strap to both ends.  Figure 21 shows an example of a person 

wearing the respiration belt with the black Velcro® strap attached to the sensor portion.  The belt was 

tested in conjunction with a spirometer using the MLT1000L flow head and PTK10 human 

respiratory kit made by ADInsruments to provide a method of comparison.  Data was collected from 

the spirometer using ADInstruments PowerLab 4/25T with Chart v5.0.  The wireless sensor data was 

collected from the access node and transferred via a serial link to a PC for data collection and 



presentation.  These two sensor systems were synchronized by externally triggering the PowerLab 

device with the access node during the start command of each experiment. 

 

 

Figure 21. Capactive respiration sensor belt placed around the chest 

 
The breathing experiment was designed to evaluate the belt’s overall performance.  Figure 22 

shows the results for one subject and describes the experimental protocol.  The results show that the 

sensor belt was able to wirelessly send data and track respiration changes in good comparison to the 

spirometer output.  Although, the first two sections A (normal breathing) and B (deep inhale and 

exhale) demonstrate an attenuation of the capacitive respiration signal during normal breathing.  This 

attenuation was measured by normalizing the deep breathing signal to one.  The observed attenuation 

during normal breathing is likely due to the belt compressing on the body and friction between the 

two sensor layers.  Overall, the results demonstrate that the wireless respiration belt can measure 

normal breathing as well as deep breaths indicating that the sensor is potentially suited for measuring 

lung functionality parameters like tidal volume and lung capacity without the need for wires. 

3) Wireless Activity Monitor: 

The wireless activity monitor utilizes a 3-axis accelerometer capable of measuring both tilt in 

each axis and acceleration.  Two experiments were designed to test each of these features.  The first 
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experiment involved measuring the orientation of the body while lying in bed while the second 

experiment involved recording activity while jogging.  The experimental setup for each test used the 

same wireless data acquisition code with a sample rate of 100 Hz.  The sampling method was 

substituted with the accelerometer sampling method which was written to serially request the 3-axis 

data from the SMB380.  As in the previous case, the access node receives the data packets and sends 

them to a PC for storage and real-time plotting.  The sensor was powered by using the 3.6 V 

rechargeable lithium ion battery module which snaps onto the back of the sensor patch.  
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Figure 22. Composite graph of respiration experimental results evaluating normal breathing, deep breathing and 

panting. The experiment required; A: 30 s normal breathing. B: 10 s deep breath. C: 15 s normal breathing. D: 10 s 

panting E: 20 s normal breathing. Note that the data for each trace was normalized to one and the spirometer data 

shifted for visual presentation. 

The first experiment measured body orientation by attaching the wireless activity monitor 

patch to a shirt on the upper chest directly below the neck.  Placing the monitor below the neck 

enabled the sensor’s ability to discern whether the person was lying on their (A) back (B) left side (C) 

right side (D) belly or (E) sitting upright.  These positions are determined by measuring the tilt of 

each axis with respect to gravity.  For example, when the x-axis is pointed towards the Earth the 

sensor value decreases to -1 g. When the x-axis is pointed away from Earth the sensor value measures 
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1 g since gravity is acting against the sensor as a positive acceleration.  This translates to body 

orientation since the sensor is fixed to the upper chest.  Thus, as a person rolls on their left side the x-

axis parallel to the chest tilts upwards and results in a 1 g output.  The operation of the senor can be 

seen in Figure 23a.  The subject was asked to lie in each orientation defined earlier for 10 seconds.  

As shown in the results the x-axis values are 1 g or -1 g for lying on the left or right respectively.  The 

z-axis values are useful for determining if the person was laying on their back or stomach with a -1 g 

or 1 g value respectively. The y-axis value is useful for determining if the person is sitting upright as 

demonstrated in segment E. Please note that the shirt was not tight fitting so some positional errors 

did occur. 
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Figure 23. Two experiments to demonstrate the 3 axis accelerometer output on the activity monitor (a) body 

orientation while lying in bed (b) jogging in place 

 
 The second experiment involved jogging in place to demonstrate active or dynamic 

movements.  These results indicate that the person is standing upright and stepping because the 

majority of the activity is in the y-axis centered around 1 g.  The upright orientation is also evident 

when comparing segment E from Figure 23a to the centered levels of each signal in Figure 23b.  

Thus, the activity monitor is capable of monitoring posture and activity.  
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VI. CONCLUSIONS AND FUTURE WORK 

This paper presented a modular sensor node (MWSN) system that is capable of integration 

directly into clothing for wearable monitoring applications.  The MWSN consists of a wireless 

module and a sensor module that were designed to attach to each other in multiple configurations 

depending on the application.  The ‘dime’ sized wireless sensor nodes were implemented into three 

health monitoring applications: ECG belt, capacitive respiration sensor belt, and activity monitor.  

Each application was tested to show the operation of the wireless sensor node and demonstrate the 

quality of its sensing capability.  The first application, an ECG belt, exhibited a clean output 

comparable to commercially available Ag/AgCl electrodes.  Also, the ECG belt was able to capture 

the signal from the body while jogging in place with enough clarity to dissociate the QRS complex 

from noise which is useful for accurate heart rate monitoring.  The second application, a capacitive 

respiration sensor belt, was able to closely track respiration changes that approximately matched the 

output of a spirometer.  The third application, an activity monitor, used a 3-axis accelerometer to 

successfully capture both body posture and activity. The results from the three health monitoring 

applications show that the sensor node system is capable of being adapted to several very different 

health monitoring sensors. This adaptability due to the wireless module’s multi-functionality will be 

necessary for future health monitoring garments.  

Several future modifications are recommended on the sensor node design.  The most 

important recommendation is to place pads on the top of the wireless module and use a flexible circuit 

so that bonds with the electronic textile can also be accomplished by embroidering conductive yarn 

directly through each pad.  In order to add the pads, the dimension of the module needs to either be 

increased or the circuit area needs to be reduced.  

While it will be easy enough to increase the module area, reducing the circuit area will 

require novel design strategies to scale the area down.  The circuit area can be reduced by removing 
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components that are not vital to the wireless module’s operation.  For example the 32.768 kHz crystal 

functionality can be somewhat replaced by using the MSP430’s internal VLO that runs at 12 kHz.  In 

addition, the green LED is not required along with its current limiting resistor.  Another strategy that 

will reduce the circuit area is to use a four layer circuit board since much of the wasted space is for 

routing traces.  A four layer board will free up more area on the board so that components could be 

placed closer together.  The final recommended strategy for circuit area reduction is to replace the 

radio’s discrete balun with a much smaller ceramic balun.  Using a ceramic balun would also have the 

advantage of reducing the component count which would lead to a smaller bill of materials.  

Overall, the MWSN system design is capable of wirelessly communicating various vital signs 

data to an access point which can be interpreted by machine or sent to medical professionals. 

However, many challenges are going to surface with wide use of such a wireless monitoring system. 

For example, there must be some means of automation for handling and processing large amounts of 

sensor data.  Additionally, the increased number of sensor nodes in one area will lead to problems 

associated with wireless congestion.  
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Chapter 2 describes the impedance spectroscopy system for measuring skin-contact 

impedance of five dry electrodes and one commercial Ag/AgCl electrode.  Please refer to section 

II.A.1 for the block diagram and summary of the system design.  The system used both a NIDAQ 

card from National Instruments (PCI-6024E) and a MATLAB GUI that used the Data Acquisition 

Toolbox.  The GUI, shown in Figure 1, is divided into four sections as they are separated by panels.  

The experiments for this research involved measuring impedance over a duration and impedance with 

an array of frequencies.  The “Impdance / Time” section enables the user to select the test frequency 

(Ftest), the duration (Aquire), and the delay (Delay) before starting the experiment.  The delay is used 

as a countdown to ensure consistency between measurements of different electrodes.  As soon as 

electrode test fixture is placed on the arm the start button is pressed.  After pressing the start button, 

the delay field decrements towards zero.  During this time the cables are connected to the electrodes 

and the Velcro® strap is placed over the test electrodes. The calibration value in the ZKnown field is 

the measured resistance of R13 in Figure 2.  This value is the RI value in equations (1) and (2) from 

Chapter 2 section II.A.1.  

APPENDIX I. SKIN-CONTACT IMPEDANCE CIRCUIT 

Figure 1. Impedance Spectroscopy MATLAB GUI 
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Figure 2. Impedance spectroscopy schematic 
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APPENDIX II. CAPACITIVE RESPIRATION SENSOR INSTRUMENTATION WITH OPTICAL 

ENCODER 

The full system schematics for the capacitive respiration sensor instrumentation including the 

optical encoder circuitry are provided in the following three figures. The MATLAB code for the data 

acquisition GUI and the c-code for the MSP430 sensor system are provided on the CD.  
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APPENDIX III. MODULAR WIRELESS SENSOR NODE DESIGN 

The schematics, board layouts, and bill of materials for the modular wireless sensor node 

system are provided in the following figures and tables. The complete designs are provided for the 

following items: 

• Wireless module 

• ECG sensor module 

• Capacitive sensor module 

• Accelerometer sensor module 

• Access node 

• Evaluation Module 
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Figure 8. Wireless node PCB layout (a) top (b) bottom (c) assembly 
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Table 1. Wireless module bill of materials 

Label Value Manufacturer Number Description 

C1, C3, C4, C41, C51, C111, C141 0.1uF ECJ-ZEBFJ104K CAP .1UF 6.3V CERAMIC X5R 0201 

C2 0.1uF ECJ-ZEB1A104M CAP CERAMIC .1UF 10V X5R 0201 

C5 2.2uF ECJ-0EB0J225M CAP CERAMIC 2.2UF 6.3V X5R 0402 

C121, C131 100pF GRM1555C1H101JZ01D 0402 100pF 50volts C0G 5% 

C122, C132 1.0pF GRM1555C1H1R0CZ01D 0402 1.0pF 50volts C0G +/-0.25pF 

C123 1.8pF GRM1555C1H1R8CZ01D 0402 1.8pF 50volts C0G +/-0.25pF 

C124 1.5pF GRM1555C1H1R5CZ01D 0402 1.5pF 50volts C0G +/-0.25pF 

C81, C101 15pF GRM0335C1E150GD01D 0201 SMD 15PF 25V 2% 

C91, C151, C181 220pF GRM033R71E221KA01D 0201 SMD 0201 220pF 25volts X7R 10% 

LED1 GLED SML-LX0402SUGC-TR LED GRN/CLEAR 574NM 0402 SMD 

R171 56kΩ MCR006YZPF5602 RES 56K OHM 1/20W 1% 0201 SMD 

R4 0Ω ERJ-1GE0R00C RES 0.0 OHM 1/20W 5% 0201 SMD 

R5 47kΩ ERJ-1GEF4702C RES 47.0K OHM 1/20W 1% 0201 SMD 

R6 560Ω RJ-1GEF5600C RES 560 OHM 1/20W 1% 0201 SMD 

L121, L122, L131 1.2nH LQG15HS1N2S02D SMD Chip Inductors 1.2nH +/-0.3 

L2 1.0uH LQM21NN1R0K10D SMD Chip Inductors 0805 1.0uH 10% 

U1 MCU MSP430F2274TRHAT IC 16BIT MCU 32KB FLASH 40-QFN 

U2 2.4GHz CC2500RTKR CC2500 2.4GHz RF Tranceiver 

U4 3.0V TPS79930YZUT IC LDO VREG 200MA 3.0V 5-DSBGA 

X1 32.768KHz FX135A-327 CRYSTAL 32.768KHZ 12.5PF SMD 

X2 26MHz NX2520SA-26.000000MHZ CRYSTAL 26.000000 MHZ SMD 10PF 

A1 2.4GHz AN3216-245 RAINSUN CHIP ANTENNA 2.4GHZ 
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(a) (b) 

 
(c) 

Figure 11. ECG module PCB layout (a) top (b) bottom (c) assembly 
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Table 2. ECG Module Bill of Materials 

Label Value Manufacturer Number Description 
C1, C2, C3 1uF ECJ-0EBFJ105K CAP 1UF 6.3V CERAMIC X5R 0402  10% 

C4 33nF GRM033R60J333KE01D CAP CER 33000PF 6.3V X5R 0201, 10% 

C5 220nF ECJ-0EB0J224K CAP .22UF 6.3V CERAMIC X5R 0402 10% 

C6, C7, C9, C10, C11 0.1uF ECJ-ZEBFJ104K CAP .1UF 6.3V CERAMIC X5R 0201 

C8 10nF GRM033R71A103KA01D CAP CER 10000PF 10V X7R 0201, 10% 

R18 100Ω ERJ-1GEF1000C RES 100 OHM 1/20W 1% 0201 SMD 

R7 510Ω ERJ-1GEF5100C RES 510 OHM 1/20W 1% 0201 SMD 

R19 10kΩ ERJ-1GEF1002C RES 10.0K OHM 1/20W 1% 0201 SMD 

R13 10MΩ MCR006YZPF1005 RES 10M OHM 1/20W 1% 0201 SMD 

R5, R6 200kΩ ERJ-1GEF2003C RES 200K OHM 1/20W 1% 0201 SMD 

R14 3.9kΩ ERJ-1GEF3901C RES 3.90K OHM 1/20W 1% 0201 SMD 

R15 39kΩ ERJ-1GEF3902C RES 39.0K OHM 1/20W 1% 0201 SMD 

R9, R10, R11, R12 47KΩ ERJ-1GEF4702C RES 47.0K OHM 1/20W 1% 0201 SMD 

R20 510kΩ ERJ-1GEF5103C RES 510K OHM 1/20W 1% 0201 SMD 

R1, R2, R3, R4 4.7MΩ CRCW04024M70FKED RES 4.70M OHM 1/16W 1% 0402 SMD 

R16, R17 100kΩ ERJ-1GEF1003C RES 100K OHM 1/20W 1% 0201 SMD 

U2 OPA4379 OPA4379AIPWR IC OPAMP 1.8V QUAD RRIO 14-TSSOP 

U1, U3 OPA2333 OPA2333AIDRBT IC OPAMP 1.8V,17uA,2uV, 8SON 
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Figure 12. Capacitive sensor module for respiration monitoring 
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Figure 13. Capacitive sensor module PCB layout (a) top (b) bottom (c) assembly 
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Table 3. Capacitive Sensor Module Bill of Materials 

Label Value Manufacturer Number Description 
C1, C4, C6, C7, C8 0.1uF ECJ-ZEBFJ104K CAP .1UF 6.3V CERAMIC X5R 0201 

C3 10nF GRM033R71A103KA01D CAP CER 10000PF 10V X7R 0201, 10% 

C5 2.2uF ECJ-0EB0J225M CAP CERAMIC 2.2UF 6.3V X5R 0402 

R1 1MΩ ERJ-1GEF1004C RES 1.00M OHM 1/20W 1% 0201 SMD 

R2 1kΩ ERJ-1GEF1001C RES 1.00K OHM 1/20W 1% 0201 SMD 

R3 4.7kΩ ERJ-1GEF4701C RES 4.70K OHM 1/20W 1% 0201 SMD 

R4 8.2kΩ ERJ-1GEF8201C RES 8.20K OHM 1/20W 1% 0201 SMD 

R5, R6 100k ERJ-1GEF1003C RES 100K OHM 1/20W 1% 0201 SMD 

R7 100Ω ERJ-1GEF1000C RES 100 OHM 1/20W 1% 0201 SMD 

U1, U2 FAN4174 FAN4174IP5X RRIO CMOS OPAMP SC70-5 

U3 VREG TPS79925YZUT IC LDO REG 200MA 2.5V 5-DSBGA 

U4 OPA379 OPA379AIDCKT IC OPAMP 1.8V R-R I/O SC70-5 
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Label Value Manufacturer Number Description 

C14 0.1uF ECJ-ZEBFJ104K CAP .1UF 6.3V CERAMIC X5R 0201 

C15 22nF GRM033R60J223KE01D CAP CER 22000PF 6.3V X5R 0201 

A1  E273141006 BOSCH SMB380 3 AXIS ACCELEROMETER 

Figure 15. Accelerometer module PCB layout (a) top (b) bottom (c) assembly 

Table 4. Accelerometer Module Bill of Materials 
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(a) (b) 

 

(c) 

Figure 18. Access node PCB layout (a) top (b) bottom (c) assembly 
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Table 5. Access node bill of materials 

Label Value Manufacturer Number Description 

C1, C3, C4, C6, C41, C51, 
C111, C141 0.1uF  CAP .1UF 6.3V CERAMIC X5R 0402 

C2 0.1uF CAP CERAMIC .1UF 10V X5R 0402 

C5 2.2uF ECJ-0EB0J225M CAP CERAMIC 2.2UF 6.3V X5R 0402 

C121, C131 100pF GRM1555C1H101JZ01D 0402 100PF 50VOLTS C0G 5% 

C122, C132 1.0pF GRM1555C1H1R0CZ01D 0402 1.0PF 50VOLTS C0G +/-0.25PF 

C123 1.8pF GRM1555C1H1R8CZ01D 0402 1.8PF 50VOLTS C0G +/-0.25PF 

C124(A/B) 1.5pF GRM1555C1H1R5CZ01D 0402 1.5PF 50VOLTS C0G +/-0.25PF 

C81, C101 15pF GRM0335C1E150GD01D 0402 SMD 15PF 25V 2% 

C91, C151, C181 220pF GRM033R71E221KA01D 0402 SMD 220PF 25VOLTS X7R 10% 

LED1 RED LED RED/CLEAR 0402 SMD 

LED2 GREEN SML-LX0402SUGC-TR LED GRN/CLEAR 574NM 0402 SMD 

R1, R4 0Ω RES 0.0 OHM 0402 SMD 

R2 300Ω RES 300 OHM 1% 0402 SMD 

R171 56kΩ RES 56K OHM 1% 0402 SMD 

R5 47kΩ RES 47.0K OHM 1% 0402 SMD 

R6 560Ω RES 560 OHM 1% 0402 SMD 

L121, L122(A/B), L131 1.2nH LQG15HS1N2S02D IND 1.2NH +/-0.3 0402 SMD 

L2 1.0uH LQM21NN1R0K10D IND 1.0UH 10% 0805 SMD 

U1 MCU MSP430F2274TRHAT IC 16BIT MCU 32KB FLASH 40-QFN 

U2 2.4GHz CC2500RTKR CC2500 2.4GHZ RF TRANSCEIVER 

U4 3.3V TPS79933 IC LDO VREG 200MA 3.3V TSOT23-5 

X1 32.768KHz FX135A-327 CRYSTAL 32.768KHZ 12.5PF SMD 

X2 26MHz NX2520SA-26.000000MHZ CRYSTAL 26.000000 MHZ SMD 10PF 

S1/SW1  PUSHBUTTON 

J1  0.1 INCH MALE HEADER 

J2  0.05 INCH FEMALE HEADER 

ANT_B 2.4GHz SURFACE MOUNT SMA CONNECTOR 
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Figure 19. Evaluation module schematic for testing sensor node components 
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(c) 

Figure 20. Evaluation module PCB layout (a) top (b) bottom (c) assembly 
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APPENDIX IV. GRAPHICAL INTERFACE FOR WIRELESS SENSOR NODES 

The graphical interface in Figure 21 was used for collecting received data packets from the 

access node and graphing the data in a real time plot. The GUI has the capability to capture incoming 

data to save to a file using the file menu and the capture checkbox. The MATLAB code, which 

includes both the m-file and figure file is provided on the attached CD. 

 

 

Figure 21. Graphical interface for wireless sensor nodes using MATLAB 

APPENDIX V. WIRELESS SENSOR NODE C-CODE 

The following lists the main code for the sensor node research. The individual files can be 

found on the attached CD.  

ECG Sensor Node Code 

• main.c 

• ecg.h/ecg.c 

• adc.h/adc.c 

Capacitive Sensor Node Code 

• main.c 

• CPS.h/CPS.c 

158 
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• drive.c/drive.h 

Accelerometer Sensor Node Code 

• main.c 

• smb380.h/smb380.c 

Radio Library 

• radio.h/radio.c 

• packet.h 

• my_rf_settings.h 

Hardware Abstraction Library (HAL) 

This library was modified from the Texas Instruments application note “AN049 – Software for 

CC1100/CC2500 and MSP430 – Examples and Function Library” 

(http://www.ti.com/litv/zip/swra141). The following files were used from this library. 

• hal_board.h/hal_board.c (modified) 

• hal_digio.h/hal_digio.c (modified) 

• hal_led.h/hal_led.c (modified) 

• hal_uart.h/hal_uart.c (modified) 

• hal_mcu.h/hal_mcu.c (modified) 

• hal_int.h/hal_int.c 

• hal_rf.h/hal_rf.c 

• hal_spi.h/hal_spi.c 

• hal_spi_config.h/hal_spi_config.c 

• hal_defs.h 

• hal_msp430.h 

• cc2500 
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APPENDIX VI. AUTOMATIC PATTERN GENERATOR FOR MODIFIED VRAMP 

CAPACITIVE SENSOR 

The automatic pattern generator is a MATLAB script that allows you to input the parameters 

as defined in Chapter 3. The script outputs the coordinates in Eagle Cad script format so that they can 

easily be executed in Eagle Cad to generate the PCB layout for a new design.  

A. Matlab Script 

% vramp.m script for automatically generating points for vramp given specified dimensions 
% all dimensions in (mm) 
 
x = []; 
y = []; 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% select dimensions %%%%%%%%%%%%%%%%%%%%%%%%% 
belt_width = 38.1; 
%pickup dimensions 
p_edge = 3; 
p_overlap = 4;          % pickup overap 
p_length= 15; 
 
%sensing range 
range = 60;             % true sensing range is ceil(range/p_length); 
 
% gap between ramps (400um) 
gap = 0.4;        
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% calculations %%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
p_width = belt_width-(2*p_edge); 
l = p_length;           % define segment length (l) 
n = ceil(range/l);      % calculate the number of segments that make up working range 
%ramp_length = (n+2)*l; % calculate ramp length to achieve desired range and allow segments on both ends 
ramp_width = p_width-2*p_overlap;  % calculate ramp width which is driven by pickup width minus the overlap 
h = ramp_width/(n*2);   % calculate segment height (h) 
 
% calculate points for ramp A 
index = 1; 
i = 0; 
 
x = []; y = [];  
 
% loop through each segment 
for i=0:n-1 
  x(index) = l*i; 
  y(index) = h*i; 
  x(index+1) = l*(i+1); 
  y(index+1) = h*i; 
  index = index + 2; 
end 
 
pts = length(x); 
 
x = [x x(pts:-1:1)]; 
y = [y (ramp_width/2 + (ramp_width/2 - y(pts:-1:1)))]; 
 
pts = length(x); 
 
x(pts+1) = x(1); 
y(pts+1) = y(1); 
 
Ax = x; 
Ay = y; 
 
 
% compute points for plate B 
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index = 1; 
i = 0; 
 
x = []; y = [];  
 
% loop through each segment 
for i=1:n-1 
  x(index) = l*i + gap; 
  y(index) = h*i - gap; 
  x(index+1) = l*(i+1) + gap; 
  y(index+1) = h*i - gap; 
  index = index + 2; 
end 
 
pts = length(x); 
x = [x x(pts:-1:1)]; 
y = [y (ramp_width/2 + (ramp_width/2 - y(pts:-1:1)))]; 
 
pts = length(x); 
x(pts+1) = x(pts); 
y(pts+1) = ramp_width + gap; 
x(pts+2) = n*l + gap; 
y(pts+2) = ramp_width + gap; 
x(pts+3) = n*l + gap; 
y(pts+3) = ramp_width; 
x(pts+4) = (n+1)*l + gap; 
y(pts+4) = ramp_width; 
x(pts+5) = (n+1)*l + gap; 
y(pts+5) = 0; 
x(pts+6) = n*l + gap; 
y(pts+6) = 0; 
x(pts+7) = n*l + gap; 
y(pts+7) = -gap; 
x(pts+8) = x(1); 
y(pts+8) = -gap; 
x(pts+9) = x(1); 
y(pts+9) = y(1); 
 
Bx = x; 
By = y; 
 
% compute pickup points 
 
sensor_length = (n+1)*l + 0.4; 
 
x = []; y = []; 
x(1) = sensor_length/2 - p_length/2; 
y(1) = -p_overlap; 
x(2) = x(1); 
y(2) = ramp_width + p_overlap; 
x(3) = x(2) + p_length; 
y(3) = y(2); 
x(4) = x(2) + p_length; 
y(4) = -p_overlap; 
x(5) = x(1); 
y(5) = y(1); 
 
Px = x; 
Py = y; 
 
plot(Ax,Ay,'b',Bx,By,'b',Px,Py,'r') 
 
% output plate A points 
disp('GRID MM') 
disp('LAYER Top') 
disp('polygon 0.0254') 
for i=1:length(Ax) 
    disp(sprintf('(%g %g)',Ax(i),Ay(i))) 
end 
 
% output plate B points 
disp('LAYER Top') 
disp('polygon 0.0254') 
for i=1:length(Bx) 
    disp(sprintf('(%g %g)',Bx(i),By(i))) 
end 
 
% output pickup plate P points 
disp('LAYER Bottom') 
disp('polygon 0.0254') 
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for i=1:length(Px) 
    disp(sprintf('(%g %g)',Px(i),Py(i))) 
end 

 

B. Example vramp.m output for 60mm drive (vramp60mm.scr) 

GRID MM 
LAYER Top 
polygon 0.0254 
(0 0) 
(15 0) 
(15 3.0125) 
(30 3.0125) 
(30 6.025) 
(45 6.025) 
(45 9.0375) 
(60 9.0375) 
(60 15.0625) 
(45 15.0625) 
(45 18.075) 
(30 18.075) 
(30 21.0875) 
(15 21.0875) 
(15 24.1) 
(0 24.1) 
(0 0) 
LAYER Top 
polygon 0.0254 
(15.4 2.6125) 
(30.4 2.6125) 
(30.4 5.625) 
(45.4 5.625) 
(45.4 8.6375) 
(60.4 8.6375) 
(60.4 15.4625) 
(45.4 15.4625) 
(45.4 18.475) 
(30.4 18.475) 
(30.4 21.4875) 
(15.4 21.4875) 
(15.4 24.5) 
(60.4 24.5) 
(60.4 24.1) 
(75.4 24.1) 
(75.4 0) 
(60.4 0) 
(60.4 -0.4) 
(15.4 -0.4) 
(15.4 2.6125) 
LAYER Bottom 
polygon 0.0254 
(30.2 -4) 
(30.2 28.1) 
(45.2 28.1) 
(45.2 -4) 
(30.2 -4) 
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