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Abstract 
 

 

This main purpose of the research was to develop and manufacture a prototype for a 

new Wireless Surface Electrode for acquiring surface Electromyography (sEMG) 

signals from the vastus lateralis muscle from the quadriceps of the knee in real-time. 

 

Initially an extensive literature review was carried out which looked at literature either 

presented at recognised international conferences or published in journals.  The 

literature review focused on papers from the year 2000 using two keywords, which were 

‘Wireless’ and ‘Electromyography’.  This showed that the majority of papers had been 

presented at conferences and published in their proceedings.  The literature review 

showed that there were three main techniques used for wireless transmission with a 

large variation in the settings for the gain used, filtering and data acquisition of the 

sEMG signals. 

 

For this research the overall design of the new Wireless Surface Electromyography 

(WsEMG) Electrodes consisted of two newly designed and developed components: (a) 

an Electrode Interface Node and (b) a Computer Interface Node.   

 

The wireless link between the two nodes used a ZigBee protocol.  The data acquisition 

was carried out using LabVIEW software to develop a new virtual instrument. 

 

The electrode interface node used an integrated circuit chip from a family programme 

system on the chip (PSoC®).  The PSOC® chip enable module configuration of the 

instrumentation amplifier, the low-pass filter, the analogue to digital convertor and it 

also required a universal asynchronous receiver/transmitter to interface to an XBee® 

transceiver module.   

 

The computer interface node was developed to be a USB dongle to connect to a laptop 

computer.  The USB dongle consisted of another XBee® transceiver module and a USB 

universal asynchronous receiver/transmitter. 

 



iii 

The VI was designed and developed using LabVIEW software which allowed for the 

initial settings for the overall gain and low-pass cut off frequency to be made to the 

PSoC® chip by wireless communication before data acquisition started.  The sEMG 

signal of the muscle was displayed in real time on the laptop and stored as a data file for 

analysis at a later date. 

 

The subjects used for this research to test the performance of the new WsEMG 

electrodes and data acquisition were volunteers and for which Ethics Approval was 

given by the Auckland University of Technology Ethics Committee. 

 

The initial results showed that favourable results were achieved that were comparable to 

currently used standard wired sEMG electrode systems. 
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Chapter 1  

Introduction 
 

 

1.1 Background 

 

Contractions of skeletal muscles fibres perform movement or force from bioelectrical 

pulses.  Electromyography (EMG) is the term used to describe the study of muscle 

activity, and is used for measuring the bioelectric pulses.  This allows medical 

professions and researchers to see how a patient’s muscles are performing and to make 

decisions about what can be done to improve the performance of particular muscles. 

 

Formal definitions of EMG include: 

 

“EMG means the recording, registration and evaluation of muscle action 

potentials”[1] 

Or 

“An electromyographic (EMG) examination is a functional evaluation of the 

motor unit.  It can assess the location, severity, chronology, and prognosis of 

injuries, diseases, or other compromises of the motor unit.  The motor unit is 

made up of the anterior horn cell, its axon, and all of the muscle fibers 

innervated.  Some wish to characterize electro diagnosis as synonymous with 

EMG, and that is historically and conventionally correct, if not correct 

technically.”[2] 

 

The invasive method of EMG measurement was done by the insertion of needles/wire 

into the muscles of a patient.  This is both painful and unwelcome in many cases.  The 

other practice uses a non-invasive method where electrodes are placed on the surface of 

the muscle of interest.  One of the earliest examples of the study of EMG with the 

placement of surface electrodes was carried out by Piper [3]. 
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Using these surface electrodes were an improvement to invasive insertion devices but 

still need to be linked to the data recorder/analyser by a set of wires.  This required the 

patient to be ‘wired-up’ during testing.  The early devices required the wires to be close 

to the data recorder/analyser, which restricted the usefulness of this technique.  As 

surface electromyography became the customary practice the devices improved, but 

were still hampered by the endless wires and the back pack that the patient was required 

to carry for the data to be recorded and analysed. 

 

The changes from wired to wireless surface devices only began to occur when wireless 

technology developed in other fields such as communication and the military and when 

this technology became readily available.  Wireless devices used for surface 

Electromyography (sEMG) now included a variety of computerised functions which can 

report directly to the examiner via computer software to exact features in order to 

examine the nature of muscular function or dysfunction under investigation. 

 

EMG data received was given in the form of ‘wave’ patterns or digitised signals, which 

could be used to diagnose a problem, which needed to be addressed and whether this 

was within a normal pattern.  Early recording required a skilled clinician and frequently 

the patient did not take part in the conversation as to the problems identified by the 

procedure.  Today with the advancement of technology the clinician can read the 

muscular activity on the screen of a hand device.  This now allows the patient to be able 

to participate and see the results of muscular activity at the time of the testing.  So the 

patient can be given immediate feed-back in real time and also be encouraged to 

correctly replicate muscular movements to improve muscular activity if this is the 

required outcome.  Using wireless technology has greatly benefited the clinician and 

researcher to obtain useful information of how muscles function without the need of a 

wired system connected to the patient’s body. 

 

The following section will cover the various electrodes used today for the collection of 

electromyography signals. 
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1.2 Electromyography (EMG) Electrodes 

 

The electrodes are the sensors that measure the bio electrical pulses made by the nerves 

and muscles.  They are either inserted (needle and wire) electrodes or surface 

electrodes.  When electrodes are used individually they are mono-polar and when used 

in pairs are known as bipolar.  Respectively the EMGs readings are acquired as mono-

polar or bio-polar configurations [3]. 

 

The first principle of designing electrodes is that they must be brought close enough to 

the muscle under study to pick up the current generated by the muscle movement. 

 

 

1.2.1 Needle and Wire Electrodes (Invasive) 

 

The most commonly used electrodes for invasive data collection of EMG signals are 

shown in Figure 1.1 [4]. 

 

 

Figure 1.1 – Examples of different needle electrodes 

 

Needle electrodes have changed as a result of improved technologies for testing and 

recording methodologies.  Despite the development and use of surface electrodes, 

needle electrodes still have a place in the collection of EMG signals. 
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De Luca et al. [3] described the commonly uses of needle electrodes over surface 

electrodes, they are: 

Motor Unit Action Potential [MUAP] characteristics 

Control properties of motor units (firing rate, recruitment, etc.) 

Exploratory clinical electromyography 

 

With the development of the wire electrode, De Luca et al. [3]: 

Kinesiological studies of deep muscles 

Neurophysiological studies of deep muscles 

Limited studies on motor unit properties 

Comfortable recording procedure from deep muscles 

 

Wired electrodes have led to improvement in muscle measurement knowledge and 

improved technology has led to an improved understanding of muscle activity.  The 

ability to do further study however, still relies on the agreement of the patient to have a 

variety of needles inserted into the body; this is uncomfortable and likely to cause some 

distress to the patient.  Whilst the skin surface can be anaesthetised for the needle(s) to 

be inserted this can cause the ‘deadening’ of the muscles and so no electrical pattern can 

then be detected.  These factors have given pressure for an alternative method to be 

found to make these readings possible and with less discomfort to the client, which has 

led to the development and use of surface electrodes. 

 

 

1.2.2 Surface Electrodes (Non-invasive) 

 

There are two types of surface electrode: Passive and Active.  In each case the electrode 

head maybe the same but the reading and the recording of the EMG signal is different. 

 

A Passive Electrode is shown in Figure 1.2, which has a wider range of reading of 

muscle activity than the actual focus of the examination.  This method gives a less 

accurate reading as it has greater input impedance.  When using passive electrodes the 

subject will possibly get a small tingling feeling on the skin due to the current produced 

between the electrode and the surface of the skin. 
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Figure 1.2 – Passive Electrodes 

 

The simplest form of a passive electrode is a silver/silver chloride plate, which adheres 

to the skin by the application of conductive gel.  Impedance between the electrode and 

the skin can be further reduced by removing any hair and exfoliating the skin before the 

electrode is attached.  Later versions of the passive electrode the conductive gel was 

part of the electrode.  Once a passive electrode has been used for testing purposes it is 

usually discarded and not used again for future testing.  Passive electrodes used today 

are now all disposable and discarded after use. 

 

The Active Electrode shown in Figure 1.3 usually has the ability to reduce the 

impedance of between the electrode and the skin above the muscle being examined.  

This is achieved by the inclusion of a high input impedance amplifier in the same 

housing of the surface electrodes.  This arrangement gives the ability to exclude 

localised impedance and therefore improves the quality of the readings obtained. 

 

 

Figure 1.3 – Photo of Active Electrode 

 

The impedance again can be further reduced by removing any hair and exfoliating the 

skin before the electrode is attached.  Active surface electrodes have been further 

developed to eliminate the need for skin preparation and for the conductive gel.  These 

are called ‘dry’ or ‘paste-less’ electrodes. 

 

The active electrode also has its own filtering system using resistances and capacitances 

within the head of the electrode, which allows the filtering to be coupled close to the 

skin. 
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The active electrode has the benefit of being reusable.  This requires after use care in 

terms of storage and hygiene.  The multiple uses of the active electrode are also part of 

its long term unreliability for the following reasons: 

1. The constant hygiene cleaning requirements after each and every use means the 

surface area of the electrode can be vulnerable to minute surface changes which 

will skew future readings after repeated use. 

2. Existing sweat and the erosion of its surface can lead to changes in its electrical 

properties and also skew later readings. 

3. At this time there appears to be no alternative solution to these two problems 

with active electrodes. 

 

The surface electrode has further described by De Luca et al. [3] and is now mostly used 

for: 

Time-force relationship of EMG signals 

Kinesiology studies of surface muscles 

Neurophysiological studies of surface muscles 

Psychophysiological studies 

Interfacing an individual with external electromechanical devices 

 

The greatest advantage of surface electrodes is that they are non-invasive and do not 

give the patient any discomfort.  Moreover, surface electrodes are able to sample a 

larger volume of muscle but one significant disadvantage is that they can only be used 

effectively with superficial muscles and they cannot be used to detect signals selectively 

from small muscles. 

 

Surface electrodes can cause difficulties for the patient when recording movement.  The 

individual is hampered with a multitude of electrodes and wires and so movement 

maybe difficult or unnatural when recording is taking place.  This may cause the patient 

to make movements which are not their natural movements.  The recording may not be 

of the usual pattern for that movement and hence may not give an accurate diagnosis of 

the muscular problems for which the testing has been required [5]. 

 

The innovation of wireless surface electromyography (WsEMG) technology has greatly 

improved the ability to measure muscular activity in a more natural and unencumbered 

way. 
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1.3 Wireless Surface Electromyography (WsEMG) 

 

Wireless networks are now part of daily lives through smart phones and tablet 

technology.  Creating a wireless sensor network for equipment is feasible and gives the 

greatest amount of freedom and flexibility to use sEMG in a new free environment to 

analyse previously seriously restricted abilities. 

 

Wireless technologies offer alternative design solutions for the transmission of complex 

data communication through such systems as Radio Frequency (RF), Bluetooth and 

ZigBee etc.  In particular, the medical field and the sport and recreation industry stands 

to benefit widely by substituting wireless systems for wired measurement systems 

instead of continuing to use the more restricted wired systems. 

 

The advantages of wireless technology is [6]: 

1. Reliability and Mobility – the units for wireless are usually in a singular 

enclosed unit so there are no moving parts. 

2. Easy Access and Comfort – they are easy to use for both patient and clinician 

with few complicated instructions. 

3. Low-power consumption – Most wireless units now come with advanced 

batteries or a power source so longer period of use is feasible before recharging 

is required. 

4. Real-time processing –the recording of data can be completed on site and at the 

time for the testing without having to wait for this to be completed at a later 

stage. 

5. Small size and low-cost – recent technology has reduced the sizes of these 

devises as well as the components used. 

 

This chapter has shown the development of electromyography from its early days to the 

current situation of the ability to use modern wireless technology for a medical 

procedure in some circumstances. 

 

The next chapter will review the literature to show the development of wireless 

technology related to electromyography.  This has led to the development of a new 

electrode unit which will enhance further the ability of the clinician to diagnose muscle 

function under set circumstances using this technology.  
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Chapter 2  

Literature Review 
 

 

This chapter will review the literature on the development of Wireless Surface 

Electromyography (WsEMG) electrodes and their systems that are used to collect 

signals from a subject’s muscles that are being examined.  These signals are then sent to 

the computer for further analysis at a later date. 

 

As indicated in the first chapter Surface Electromyography (sEMG) is the non-invasive 

method used to measure the muscle’s activity.  This is a safe and easy way to record the 

bioelectrical signal of muscle activity.  This has now becoming more widely used for 

research and clinical applications in many fields for purposes such as rehabilitation 

programmes, ergonomics and sports performance as well as neurophysiological research 

[7]. 

 

Overall wireless technology provides no wired connections, and is safe with flexible 

connectivity.  It greatly improves resource sharing, is easy to install and has a high 

mobility factor [6, 8, 9].  The other advantage is that these systems usually use low 

power levels, thus can be used for a longer period of time before the power source 

requires renewal [6, 8, 9]. 

 

An intensive literature search was carried out, which found that there were a limited 

number of journal papers published on this topic.  But the publications published were 

mainly found in recognised international conference papers explaining the development 

of the systems currently developed and used.  The search carried out for papers were 

through recognised databases using the following keywords ‘Wireless’ and 

‘Electromyography’ and limited to papers published since the year 2000.  In total 165 

papers were found of which 86 were journal papers and the rest were papers presented 

and then published from recognised conferences.  After further extensive examination 

of these papers a large number were rejected for this literature review due to their 

unsuitability for the topic being researched i.e. they included using wireless technology 

for monitoring animal behaviour and many others elements. 
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The remaining papers used in this literature review were then classified in terms of the 

wireless protocol used.  They were: 

1. Radio frequency (RF) (11 papers) 

2. Bluetooth (BT)  (6 papers) 

3. ZigBee    (5 papers) 

 

A number of questions were posed to gain the relevant information about each of the 

systems present in the papers, these were: 

a) What electrode configuration was used i.e. type and material? 

b) Which biosignals were collected with the system? 

c) What amplification and filtering was used and where? 

d) What was the bit resolution of analogue to digital converter (ADC) used? 

e) What type of wireless link was used i.e. type and frequency? 

f) What type of computer interface was used with the wireless system? 

g) What was the sampling frequency used to acquire the sEMG signal? 

 

 

2.1 Radio Frequency (RF) WsEMG 

 

A radio frequency (RF) signal refers to a wireless electromagnetic signal used as a form 

of communication, for wireless electronics.  Radio waves are a form of electromagnetic 

radiation identified with radio frequencies ranging from 3 kHz to 300 GHz.  RF 

communication is used in many industries including television broadcasting, radar 

systems, computer and mobile platform networks, remote control, remote 

metering/monitoring, and many more such as medical devices. 

  

After an intensive search of the papers only eleven papers were found to be relevant to 

this research all having being peered reviewed and presented at recognised international 

conferences.  The summary of these papers are presented in Table 2.1 on pages 10 to 

12. 
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2.2 Bluetooth (BT) WsEMG 

 

Bluetooth (BT) was based on the IEEE 802.15.1 standard for wireless personal area 

networks (WPANs), which are no longer maintained.  The BT development and 

technology is now overseen by the Bluetooth Special Interest Group.  This technology 

is designed to provide reliable, low-power wireless communications over short 

distances and uses short-wavelength radio transmissions in the Industrial, Scientific and 

Medical (ISM) band from 2.4 – 2.48 GHz.  BT is best known as the primary technology 

for wirelessly connecting mobile phones with peripheral devices such as wireless 

headsets.  However, BT can be an ideal choice for a wide range of designs such as 

medical devices. 

 

Only six papers were found to be relevant to this research of which two were from peer 

review journals and the other four had been presented and published from recognised 

international conferences.  The summary of these papers are presented in Table 2.2 on 

pages 14 to 16. 
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2.3 ZigBee WsEMG 

 

ZigBee is a specification for communication in wireless personal area networks 

(WPANs), like Bluetooth.  This technology is designed to be low cost and low powered 

making it ideal for wireless sensor networks (WSNs) and other low power networks that 

span potentially large distances.  ZigBee builds upon the IEEE 802.15.4 standard, 

adding extra features such as mesh networking capability with multi-hop functionality 

and a routing protocol.  ZigBee technology does not compete with other technologies 

such as Bluetooth or Wi-Fi (IEEE 802.11).  ZigBee is designed for applications where 

the data transfer rate is much less important than power efficiency, network size, and the 

capacity for ad hoc routing.  Global operation is in the 2.4GHz frequency band 

according to IEEE 802.15.4, with regional operation in the 915 MHz (Americas) and 

868 MHz (Europe). 

 

After an intensive search of papers only five papers were found to be relevant to this 

research.  One was published in a peer review journal and the other four were papers 

presented and published papers from recognised international conferences.  The 

summary of these papers are presented in Table 2.3 on pages 18 to 19. 
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2.4 Summary of Literature Review Comparison of RF with BT with 

ZigBee 

 

Table 4 on page 22 shows the results of the seven important questions that were 

identified at the beginning of this chapter to assist in determining the design of the new 

wireless system developed in this research.  It can be seen that there is little difference 

in the outcomes when comparing RF, Bluetooth and ZigBee wireless systems used for 

the collection of EMG signals. 

 

The first factor - the configuration and material used for surface electrodes showed that 

no clear setup was found throughout all the papers examined.  But from known wired 

setups the commonest setup for the electrodes used the single differential configuration 

with the electrodes themselves being either dry or pre-gelled made from Ag/AgCl 

material. 

 

The second factor to be investigated was to identify any other biosignals collected at the 

same time with wireless systems and being developed in the papers reviewed.  It was 

found that a wide range of biosignals along with EMG were collected which required 

the setup of the systems presented to be modified to incorporate the biosignals to be 

obtained.  The aim of this research is just to collect sEMG signals and so the setup of 

the new wireless setup will not have any of the extra features required to collect 

different biosignals from the body. 

 

The third factor examined was the amplification and filtering of the signals in the 

overall setup.  The findings showed that the most common amplification used an 

instrumentation amplifier with the filtering of the signal carried out by using a band-

pass filter.  The band-pass consists of two filters one a low-pass and the other-high pass.  

There was a wide range of cut-off frequencies found, ranging from 0.5 Hz for high pass 

to 1.5 kHz for low pass.  Also one of the papers showed a notch filter for 60 Hz.  This 

was deemed to be unacceptable for use when examining the frequency content of EMG 

signals; as the main frequency of an EMG signal lies between 0 to 500 Hz, with the 

dominance being in the 50 to 150 Hz range [32]. The new design of a system presented 

in this research incorporated an instrumentation amplifier with a band-pass filter. 
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The fourth factor investigated was the bit-resolution of the analogue to digital 

conversion of the signal and it was found in the range from 8-bit to 24-bit.  This factor 

is important as a low bit resolution will give a poor picture of the signal being collected 

whereas a higher bit resolution gives a better picture of the signal but is major problem 

in terms of the transfer rate of the signal being acquired.  So a balance between the 

transfer rate and bit resolution of ADC needs to be found [33]. 

 

The fifth point examined in all the papers reviewed was the wireless transmission 

standard to use, whether to use RF, Bluetooth or ZigBee.  The setup for this research 

proposed to use the ZigBee protocol as this was the fastest developing protocol used in 

the world of wireless transmission of data for miniaturised standalone wireless devices. 

 

The sixth point reviewed was how the wireless system was connected to the computer 

for displaying information and the data storage of the signals being collected.  It was 

found that this was achieved by either using the RS232 serial port using or a USB port.  

The wireless setup of the system being developed for this research will use a USB port 

with a newly developed dongle. 

 

The last point reviewed from the papers examined was sampling the frequency of the 

systems used to acquire the EMG signals.  The values of the sampling frequencies had a 

wide range from as low as 400 Hz and as high as 200 KHz.  This required further 

research and examining the useful frequency content of EMG signals.  It was found that 

the optimum frequency should be set up at a value no less than 1 kHz [34]. 
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This chapter summarised the literature review for various types WsEMG technology 

such as (a) RF, (b) Bluetooth and (c) ZigBee that have been presented at conferences 

and then published as part of the conference papers; or published in journals.  It has 

shown that the majority of papers published have been presented at conferences with 

very few published in journals.  This has shown that WsEMG technology is in its 

infancy and has a long way to go before it can be recognised as a credible alternative 

technology that can be used in the data collection of sEMG signals. 

 

The next chapter will present the methodology used in the design, development and 

creation of the new WsEMG electrodes used in this research. 
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Chapter 3  

Methodology in the Development of Wireless 

Surface Electrodes 
 

 

This chapter will discuss the methodology used  for the design, development and 

building of the new Wireless Surface (WsEMG) Electrodes used in this research, and 

the data collection of sEMG signals from the vastus lateralis muscle of the quadriceps. 

 

Chapter 2 in the literature review it was found that there were three main techniques 

used for the wireless link between sEMG electrodes and the computer.  These were: 

 RF 

 Bluetooth 

 ZigBee 

 

For the purposes of this research ZigBee was chosen as the wireless link for the 

transmission of the sEMG signals between the electrodes and the laptop computer used 

for data storage purposes. 

 

This chapter will discuss the methodology used in the design and development of the 

electrodes only from the initial concept to the final design and build of the WsEMG 

electrodes to be used. 

 

 

3.1 Concept and Block Diagram of WsEMG Electrodes 

 

The proposed block diagram for the system is shown in Figure 3.1 and incorporates two 

separate nodes.  The sensor node will be placed on the subject’s body and the other a 

USB dongle node is connected to the laptop computer for receiving and storing the data. 
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Figure 3.1 – The Proposed Block Diagram for the Design/Build of WsEMG Electrodes 

 

The detail of the literature review and current trends in wireless technology influenced 

the design and development of the systems used for the WsEMG electrodes.  The 

detailed block diagram Figure 3.2 shows the necessary components needed to be 

considered in the final system built.  The main component used was the Cypress PSoC® 

chip, which incorporated a number of features necessary for the design of the WsEMG 

electrodes to be used in this research. 

 

 

Figure 3.2 – The Components Used for the WsEMG Electrodes 

 

This new WsEMG system has been split into two different modules and is covered in 

sections:  

3.2 WsEMG electrode interface node 

3.3 WsEMG laptop computer interface node 
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3.2 WsEMG Electrode Interface Node 

 

The WsEMG electrode interface node made the connection between the surface 

Ag/AgCl surface electrode and the RF wireless link, which consists of four main 

components and will be covered in sections: 

3.2.1 Programmable System-on-Chip (PSoC®) 

3.2.2 High-pass Filter 

3.2.3 XBee® Transceiver Module 

3.2.4 Lithium-ion Polymer (Li-Pol) Battery and Charger 

 

 

3.2.1 Programmable System-on-Chip (PSoC®) 

 

The main component for the new WsEMG electrode system was the CY8C29466-

24PVXA integrated circuit chip from the family of PSoC® 1 made by the Cypress, 

Semiconductor Corporation, USA, see Appendix A for the datasheet. 

 

The PSoC® chip has integrating configurable analogue and digital peripheral functions 

which are supported by an integrated development environment (IDE) PSoC® 

Designer™ to programme the chip with the following functions: 

Instrumentation Amplifier plus programmable gain amplifier 

Low-pass Filter 

Analogue Digital Convertor (ADC) 

Universal Asynchronous Receiver/Transmitter (UART) interface to the XBee® 

transceiver module 

 

The required configurable module layout box for the PSoC® integrated circuit chip for 

the WsEMG system is shown in Figure 3.3 inside the yellow shaded box. 
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Figure 3.3 – The PSoC® Individual Modules that are required to be configured 

 

Using the PSoC® chip has made the wireless electrode interface mode more flexible.  

The configuration for the gain and filtering is easily done in terms of coding and does 

not require any changes in the physical hardware components. 

 

There are six modules which are required to be configured and coded on the PSoC® 

CY8C29466-24PVXA chip for the WsEMG electrode interface.  These are covered in 

sections: 

3.2.1.1 Instrumentation Amplifier 

3.2.1.2 Programmable Gain Amplifier 

3.2.1.3 Low Pass Filter 

3.2.1.4 Analogue Digital Convertor (ADC) 

3.2.1.5 UART 

3.2.1.6 24-bit timer 

 

To be able to configure the PSoC® chip as required for the WsEMG, PSoC® Designer™ 

software is required, which has its own Integrated Design Environment (IDE).  The IDE 

allows the user to be able to customise the integrated circuit to meet specific application 

requirements.  The PSoC® Designer™ has the following subsystems: 
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The PSoC® Designer™ IDE workspace shown in Figure 3.4 area has a number of active 

windows that differ depending on the functionality of the subsystem are in.  These are: 

 Chip-Level Editor 

 Code Editor 

 Build Manger 

 Debugger 

 

 

Figure 3.4 – The IDE Workspace for the PSoC® Designer™ 

 

The Chip-Level editor which is the main view of the IDE shows the diagram of the 

resources available on the CY8C29466-24PVXA chip to be selected and is shown in 

detail in Figure 3.5.  The blocks types available are split into either digital or analogue 

and the interconnections to the pins of the chip. 

The Code Editor is a full featured text editor designed for editing and assembling the C 

code in the project.  The C code is the application code that is downloaded on the 

PSoC® chip for the modules selected from the Chip Editor. 

The Build Manger is the utility that controls the various parts of the build process 

including the compiler, assembler and linker.  It also manages the process of building 

the project and preparing the download to the PSoC® chip. 

The Debugger this has multiple windows that allow interaction and observe the code 

execution on the PSoC® chip.  

Chip-Editor 
View 

Pin-out 
Info 

Global 
Resources 

Workspace 
Explorer 

User Manual 
Catalogue 
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Figure 3.5 – The Detail View of the Chip Editor Window for CY8C29466-24PVXA chip 

of IDE Workspace 

Analogue Blocks 

Digital Blocks 
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3.2.1.1 Configuration of Instrumentation Amplifier 

 

The CY8C29466-24PVXA chip offers analogue module blocks for configuration of the 

instrumentation amplifier to collect the sEMG signals from the surface electrodes, and 

was selected for the following points: 

 Low Noise 

 Low Nonlinearity 

 Simple Gain Selection 

 Adequate Bandwidth 

 

The instrumentation analogue module blocks on the PSoC® chip being used have the 

following features: 

 User-programmable gain from 2 to 16 with a two op amp topology 

 User-programmable gain up to 93 for the three op amp topology 

 High impedance differential inputs 

 Single-ended output 

 Selectable reference with the two op amp topology 

 

The instrumentation amplifier with the three op amp topology has been chosen as it had 

excellent common mode rejection ratio (CMRR) and a wide dynamic range.  The 

schematic of the three op amp topology is shown in Figure 3.6. 

 

 

Figure 3.6 – Circuit diagram for the Instrumentation Amplifier (three op amp topology) 
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Three analogue block modules were required to implement the instrumentation 

amplifier on the IDE is shown in Figure 3.7 by three red coloured boxes, labelled as: 

a. INSAMP NON_INV 

b. INSAMP INV 

c. INSAMP CONVERT 

 

 

Figure 3.7 – The Analogue Modules used to configure Analogue Elements of the 

WsEMG System on the PSoC® 

 

The output voltage of INV and NON_INV block are given by Equations 3.1 and 3.2 

respectively. 

	 1
2

 Equation 3.1

 

	 1
2

 Equation 3.2

 

From Figure 3.7 the output of block INV drives the capacitor Cb input of CONVERT 

and the output of block NON_INV drives the capacitor Ca input of CONVERT.  The 

sign of the Cb input is fixed by block topology to be negative and the sign of the Ca 

input is set in the User Module firmware to be positive.  The capacitors Ca and Cb have 

identical values; so the conversion of the continuous time block outputs is the 

differential and the output of CONVERT is given by Equation 3.3. 

 

1  Equation 3.3
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The available resistor ratios for Rb and Ra set the useful gain range of the input stage to 

values between 1.0 and 48.0.  Conversion gains in the switched capacitor block can be 

between 0.032 and 1.9375 (i.e. 1/32 to 31/16).  This yields a large number of useful gain 

settings between 1.0 and 93.  Differential Gain and Conversion Gain are set 

independently by the user as parameters in PSoC® Designer™ and may be changed at 

run time through the SetGain Application Programming Interface (API) function. 

 

The input of the instrumentation INV and NON_INV inputs were connected to 

port_0_1 and port_0_4 respectively see Figure 3.7.  The output of the instrumentation 

amplifier is placed on the analogue column output bus using the enable selection of the 

AnalogBus module parameter see Figure 3.7.  The AnalogBus module parameter was 

set to the AnalogOutBus_1 and the other setting for the parameter was set in the API 

with the CommonModeout is set to No Connect.  Figure 3.8 shows the setting of the 

module parameters. 

 

 

Figure 3.8 – The Setting of Instrumentation Amplifier in the API window 

 

 

3.2.1.2 Configuration of Programmable Gain Amplifier 

 

The Programmable Gain Amplifier used on the PSoC® has following features:  

 Thirty-three user-programmable gain settings with a maximum gain of 

48.0  

 High impedance input  

 Single-ended output with selectable reference  
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The Programmable Gain Amplifier circuit diagram is shown in Figure 3.9 and only required 

one analogue block module to be implemented on the IDE, shown in Figure 3.7 by the 

purple coloured box, labelled as PGA GAIN. 

 

 

Figure 3.9 – Circuit diagram for the Programmable Gain Amplifier 

 

This module amplified an internal or externally-applied signal.  This signal could be 

referenced to the internal analogue ground, Vs or other selected references.  The gain 

was set by programming the selectable tap in a resistor array and the feedback tap in a 

continuous time analogue PSoC® block.  The output voltage was determined by using 

two equations.  For a gain greater than or equal to one, the top resistor string was connected 

to the op-amp output and the resistor tap was connected to the inverting input of the op-

amp.  The gain was calculated using Equation 3.4. 

 

1  Equation 3.4

 

For the gain of less than one, the op-amp was set as a voltage follower and the user module 

output was selected at the resistor tap.  The gain is calculated using Equation 3.5. 

 

 Equation 3.5

 

The input to the programmable gain amplifier were driven by the outputs of the adjacent 

PSoC® blocks and the analogue column input multiplexer and was set to 

AnalogColumn_InputMUX_3.  The gain of the PGA was referenced to AGND (on-chip 
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analogue ground).  The AnalogBus parameter was set to AnalogOutBus_3, which was off 

pin_0_2.  The API settings are shown in Figure 3.10. 

 

Figure 3.10 – The Setting of Programmable Gain Amplifier in the API window 

 

 

3.2.1.3 Configuration of Low Pass Filter 

 

The PSoC® CY8C29466-24PVXA only allowed for a two-pole low-pass filter to be 

configured using the IDE.  So when a band pass filter was used for the WsEMG a high-

pass filter needed to be used and configured alongside the chip as shown in Figure 3.3.  

This was required because there were no high-pass filter module available on the chip.  

The low-pass features on the PSoC® had the following attributes available: 

 User-programmable gain  

 User-programmable corner frequency and damping ratio with no external 

components  

 Filter corner-frequency stability directly derived from clock accuracy  

 Filter sampling rates to 1.0 MHz 

 

This module implemented a general purpose second order state variable low-pass filter.  

The corner frequency and damping ratio are functions of the clock frequency and the 

ratios of the selected capacitor values.  This could be implemented on any classical all-

pole filter configuration (Butterworth, Bessel and Chebyshev).  The corner frequency 

could be set very accurately or adjusted by controlling the sample rate clock. 
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The low-pass filter is shown in Figure 3.11 and it required only two analogue block 

modules to be implemented on the IDE, shown in Figure 3.7 by the light blue coloured 

box, labelled as: 

a. LPF2 FLIN 

b. LPF2 FLOUT 

 

 

Figure 3.11 – Circuit diagram for Two-Pole Low Pass Filter 

 

The PSoC® Designer™ provided a filter design wizard to automate the procedure for 

the two-pole filters show in Figure 3.12.  In the wizard all that needed to be activated was 

to select the cut-off frequency and sampling rate of the frequency and filter type.  It will 

then generate the required parameters for the research.  The filter configuration for the 

WsEMG system was a Butterworth filter with a cut-off frequency of 1 kHz. 

 

Figure 3.12 – The output from the Filter Design for a Butterworth Low-Pass Filter with 

a cut-off of 1 kHz 
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The inputs to the filter are driven by the output of the PGA module.  The AnalogBus is 

was not been connected to this module.  The CompBus which was a FLOUT block 

comparator output needed to be routed to the input bus of the digital PSoC® blocks or to 

an interrupt.  This was also not connected for this module.  Polarity is the parameter that 

determines the polarity of the output relative to the input, in this research it was been 

sets to Non-inverting.  The Modulator Clock was used to connect the polarity control in 

the A input of the input block (FLIN).  For this research it had been set to none.   

Figure 3.13 shows the API settings for the two-pole low-pass filter. 

 

 

 

Figure 3.13 – The Two-Pole Low-Pass Filter settings in the API window 

 

 

3.2.1.4 Analogue Digital Convertor (ADC) 

 

The CY8C29466-24PVXA chip offers analogue and digital module blocks for the 

configuration of an ADC.  The ADC used was a Delta Sigma (D) ADC, which was 

ideal for converting analogue signals over a wide range of frequencies, from DC to 

several megahertz.  Basically, these converters consisted of an oversampling modulator 

followed by a digital/decimation filter that together produced a high-resolution data-

stream output. 
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The ADC on the PSoC® has the following features:  

 6-bit resolution with 32X oversampling to 14-bit resolution with 256X 

oversampling  

 Data in unsigned or signed 2’s complement formats  

 Maximum sample rates of 65,500 sps at 6 bit resolution, 7812 sps at 14-bit 
resolution  

The ADC circuit diagram is shown in Figure 3.14 and it required only two analogue block 

modules to activate the input to the ADC.  This would need to be implemented on the 

IDE, and is shown in Figure 3.7 as green coloured boxes, labelled as: 

a. DelSig_ADC1 

b. DelSig_ADC2 

 

 

Figure 3.14 – Circuit diagram for the Delta Sigma (D) ADC 

 

Also two digital block modules to act as the output from the ADC were required to be 

implemented on the IDE.  These are shown in Figure 3.15 as green coloured boxes, 

labelled as: 

a. DelSig PWMLSB 

b. DelSig PWMLSB Output 
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Figure 3.15 – The Digital Modules used to configure Digital Elements of the WsEMG 

System on the PSoC® on the IDE 

 

The output rate was determined by dividing the data by 4 to get the 1-bit over sample 

rate and then divided by the decimation rate to get the final sample rate by using 

Equation 3.6. 

 

	    samples/second Equation 3.6
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It would use a 12-bit DelSig ADC in the research.  The decimation rate for the 12-bit 

ADC is 128.  So if the research required 1000 samples per second, the data clock 

frequency could be calculated using Equation 3.7. 

 

	 4 	  

= 1000 × 4× 128  = 0.512 MHz 
Equation 3.7 

 

As the maximum range of the signals was required, so it was chosen to the RefMux 

parameter to (VDD/2) ± (VDD/2) with the range for input is from 0 to 3.3V.  Since the  

12-bit ADC was chosen, so total will be 212
 – 1 which is 4095 samples, so each sample 

will be 0.00080586 V. 

 

The data format parameter was set to signed data because it gave a range in the value 

from –2n–1 to +2n-1 – 1.  The Data clock parameter was set to VC2 which had been set to 

0.533 MHz.  The sample rate work out was set at 1048 which is close to 1000 samples 

per second.  The clock phase was set to normal.  PosInput was set to the ASD13 block 

which was set to the output block of the low-pass filter.  The NegInput was set to the 

ACB02 block since that block would have no module setting.  The NegInputGain was 

set to disconnected, as this function would not be required.  The PWM output was set to 

none.  The Pulse Width was set to 1.  The research would not be using the PWM and the 

NegInput so no settings were configured.  Figure 3.16 shows the parameters settings. 

 

 

Figure 3.16 – The ADC settings in the API window 
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3.2.1.5 Universal Asynchronous Receiver/Transmitter (UART) 

 

The UART module provided by the PSoC® has following features:  

 Asynchronous receiver and transmitter  

 Data-format compliant with RS-232 serial-data format  

 Burst rates up to 6 M bits/second  

 Data framing consists of start, optional parity, and stop bits  

 

The UART module is 8-bit that supports data format serial communications over two 

wires.  The received and transmitted data format includes a start bit, optional parity, and 

a stop bit; see Figure 3.17 for the block diagram of UART.  Two digital block modules 

were required to be implemented on the IDE, and all shown in Figure 3.15 as the yellow 

coloured boxes, labelled as: 

a. UART TX 

b. UART RX 

 

 

Figure 3.17 – Block diagram for the UART 

 

The UART User Module implemented a serial transmitter and receiver.  The UART 

mapped onto the two PSoC® blocks which were designated TX and RX.  The TX 

PSoC® block gives transmitter functionality and the RX PSoC® block gives receiver 

functionality.  The RX and TX blocks operate independently.  Each had its own Control 

and Status register, programmable interrupts, I/O, Buffer register, and Shift register.  

They share the same enabled, clock, and data format.  Setting the Enable bit in the RX 

Control and TX Control registers enables the UART to operate.  Enabling and disabling 
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was performed using the API provided functions.  The UART User Module clock was 

shared by both the RX and TX components.  The clock frequency selected had to be 

eight times the frequency of the required data bit rate.  Each received or transmitted data 

bit requires eight input clock cycles.  The data received and transmitted was a bit stream 

that consisted of a start bit, eight data bits, an optional parity bit, and a stop bit. 

 

The clock setting for the UART module was set to VC3.  Since the XBee® baud rate 

was set to 115200 bps, it needed to match the baud rate for the PSoC® UART module to 

115200 bps as well.  The clock rate was set to eight times the desired bit rate.  One data 

bit was received or transmitted every eight clock cycles.  The VC3 was set to the system 

clock to divide by 27 so the baud rate was found using Equation 3.8. 

 

	 512   Equation 3.8

 

Only 2% tolerance of the clock is within the range of the PSoC® to enable it to talk to 

the XBee® properly.  The RX Input used a global bus to connect the external pin.  It was 

set to ROW_0_Input_3 which was connected to pin_2_3.  The TX Output also used a 

global bus to connect the external pin as well.  This is set to Row_0_Output_3 which 

was connected to pin_2_7.  The TX Interrupt was set to TXRegEmpty which was best 

used to maximize the output of the transmitter.  The ClockSync parameter was used to 

control the clock skew and ensure its accurate operation when reading and writing the 

PSoC® block register values.  In the research it was set to sync to sysclk.  The 

Command Terminator was where the parameters selected the characters that signalled 

the end of a command.  When it receive data a flag was sent signalling that a complete 

command has been received.  After this flag was set additional characters are not 

accepted until the cmdReset() function was called.  This had been set to 13 which was a 

carriage return.  Figure 3.18 shows the parameter settings. 
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Figure 3.18 – The UART settings in the API window 

 

 

3.2.1.6 24-bit Timer 

 

The 24-bit Timer user module provided a down counter with programmable period and 

capture ability.  The clock and enable signals could be selected from any system time 

base or external source.  Once started, the timer operated continuously and reloaded its 

internal value from the period register upon reaching the terminal count.  The output 

pulses high in the clock cycle following any terminal count.  Events can capture the 

current Timer count value by asserting the edge-sensitive capture input signal.  In each 

clock cycle, the Timer tested the count against the value of the compare register for 

either a “Less Than” or “Less Than or Equal To” condition.  Interrupts may be 

generated based on terminal count and compare signals. 

 

The 24-bit Timer block diagram is shown in Figure 3.19 and it required three digital block 

modules to be implemented on the IDE, shown in Figure 3.8 by the purple coloured 

box, labelled as: 

a. TIMER24_LSB capture 

b. TIMER24_LSB 

c. TIMER24_MSB 
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Figure 3.19 – The 24-bit Timer block diagram 

 

Each digital block module contributed 8 bits to the total resolution.  The consecutive 

blocks are linked so their internal carry, terminal count and the compare signals are 

synchronously chained.  This concatenates the 8-bit Count, Period and Compare 

registers (Data registers DR0, DR1 and DR2, respectively) from block to block to 

provide the required resolution.  The value of the timer period can be calculated using 

Equation 3.9. 

 

	 1  

Equation 3.9

 

The output period required for the research was 1 second and the source clock was set at 

8 MHz so the period register value, could be calculated using Equation 3.10. 

 

	 	 	 1 

1
8 10

1 7,999 Equation 3.10

 

The clock parameter was selected for VC1 as the VC1 was set to 8 MHz.  The capture 

parameter was set to low as the falling edge of the clock cycle caused the count register 

to be transferred to the compare register.  The period of the timer was set to 7999999.  

The interrupt type parameter was set to the terminal to count events to trigger the 

interrupt.  The clocksync parameter was set to sync to sysclk.  The invert capture was 

set to normal which determined the sensitivity of the enable input signal to active-high.  

It would not be using the compare function, so this would not be used. 
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The API settings are: 

 Timer24_EnableInt  

 Timer24_Start 

 Timer24_Stop  

 

The most important feature was that when programmed the timer interrupt just does not 

write in the c code file, it also needs to set the assembly code file call: Timer24INT.asm 

which was the file content timer’s interrupt service routine.  Under _Timer24_ISR it needed 

to add a “limp_timercount” to tell the timer where the interrupt would go.  Figure 3.20 

shows the code that needed to be added. 

 

Figure 3.20 – Interrupt service routine for Timer24 

 

 

3.2.2 High-pass Filter 

 

The sEMG signals have a frequency range between 10 Hz to 1 kHz because the PSoC® 

could only configure a low pass filter.  An external passive high-pass filter was 

designed cut the frequency which was around 10 Hz.  This research used a passive RC 

high-pass.  The reason for this was to ease the design as only two components are 

needed; a resistor with a capacitor, see Figure 3.21. 
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Figure 3.21 – RC Filter Circuit and Frequency Response Diagram 

 

The RC filter was chosen as it was easy to configure and cheaper than an active filter, 

which would require more components.  The value was chosen for the RC passive high 

filter at 68 kΩ and 0.22 uF, using Equation 3.11, the cut-off frequency was calculated to 

be at 9.6 Hz, which is very close to the 9.6 Hz required. 

 

1
2

 Equation 3.11

 

 

3.2.3 XBee® Transceiver Module 

 

The wireless link chosen was an XBee® RF transceiver module, because this is 

commonly used in health devices and are easy to configure.  These are available from 

Digi International, USA.  XBee® modules are either Series 1 (802.15.4) or XBee® 

Series 2 (ZB) and are shown in Figure 3.22. 

 

 

Figure 3.22 – XBee® modules: Series 1 on the left and Series 2 on the right. 
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Table 3 details the comparisons of a number of technical features extracted from the 

datasheets for XBee® Series 1 and XBee® Series 2. 

 

Table 3.1:  Product Comparison between XBee® Series 1 and XBee® Series 2. 

Feature XBee® Series 1 XBee® Series 2 

Indoor/Urban range up to 100 ft. (30m) up to 133 ft. (40m) 

Outdoor RF line-of-sight range up to 300 ft. (100m) up to 400 ft. (120m) 

Transmit Power Output 1 mW (0dbm) 2 mW (+3dbm) 

RF Data Rate 250 Kbps 250 Kbps 

Receiver Sensitivity -92dbm (1% PER) -98dbm (1% PER) 

Supply Voltage 2.8 - 3.4 V 2.8 - 3.6 V 

Transmit Current (typical) 45 mA (@ 3.3 V) 40 mA (@ 3.3 V) 

Idle/Receive Current (typical) 50 mA (@ 3.3 V) 40 mA (@ 3.3 V) 

Power-down Current 10 uA 1 uA 

Frequency ISM 2.4 GHz ISM 2.4 GHz 

Dimensions 0.0960" x 1.087" 0.0960" x 1.087" 

Operating Temperature -40 to 85 C -40 to 85 C 

Antenna Options PCB, Integrated Whip, U.FL, 
RPSMA 

PCB, Integrated Whip, U.FL, 
RPSMA 

Network Topologies Point to point, Star, Mesh 
(with DigiMesh firmware) 

Point to point, Star, Mesh 

Number of Channels 16 Direct Sequence Channels 16 Direct Sequence Channels 

Filtration Options PAN ID, Channel & 
Source/Destination 

PAN ID, Channel & 
Source/Destination 

 

The selection of the XBee® transceiver module used for this research was initially 

determined to be the XBee® series 1 module as it was easier to setup for point to point 

connection.  This was used to test the system to be tested and when this was found to be 

functioning reliably the XBee® Series 2 module was used for the research work on the 

subjects.  The difference between the two is that the Series 2 modules are used for mesh 

networks and can test multiple patterns of movement. 

 

The final development of the WsEMG electrodes used the series 2 transceivers.  This 

would allow for expansion in the number electrode interfaces to be incorporated into a 

mesh network.  By having more than one electrode interface it would be possible to 

collect EMG signals simultaneously from different sites on a muscle or muscles. 
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3.2.4 Lithium-ion Polymer (Li-Pol) Battery and Charger 

 

For the WsEMG electrode node to function a battery which is rechargeable, small and 

light was required.  This research used the lithium-ion polymer battery LP-402025-1S-3 

as it was suitable for this wireless electrode interface node.  The battery chosen required 

the designing of a suitable battery charger.  This was designed as part of the research, 

see Appendix B for the datasheet. 

 

This lithium-ion polymer battery will need to be charged at regular intervals, so a new 

charger was required.  The battery charger chip used was a LTC4053-4.2 chip is 

manufactured by Linear Technology, see Appendix C for the datasheet.  The reason for 

choosing this battery charger was because it is a standalone linear charger specially 

designed for charging the lithium-ion battery.  It could be powered directly from a USB 

port; also it had a thermal regulator to automatically adjust the charge current to limit 

the battery temperature during charging and in different temperature conditions.  The 

LTC4053-4.2 only needed to use one external resistor to program the charge current; so 

using Equation 3.12, the resistor value could be calculated. 

 

1500
 Equation 3.12

 

The battery capacity was 155 mAh so when charging the battery it needed the charge 

current to be very small.  For the research the charge current was set to 20 mA.  The 

external resistor value would be 75 kΩ. 

 

 

3.3 WsEMG Computer Interface Node 

 

The WsEMG computer interface node made the connection between the RF wireless 

link and the computer.  This consists of two components and will be covered in 

sections: 

3.3.1 XBee® transceiver module 

3.3.2 USB UART chip 
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The XBee® transceiver and USB UART were combined to form the USB dongle.  This 

would be plugged into a USB port of the laptop computer.  The sEMG signals would be 

collected via the USB dongle and would be stored in the laptop for further processing, 

shown in Figure 3.23. 

 

 

Figure 3.23 – The USB Dongle consisting of the XBee® Transceiver and USB UART 

chip 

 

 

3.3.1 XBee® Transceiver Module 

 

The XBee® transceiver attached to the laptop computer interface was the same as 

described in section 3.2.3.  This would be attached to a new USB UART board so that 

digital signals could be received and transferred to the laptop computer. 

 

 

3.3.2 USB UART 

 

For the laptop computer to receive the signals from the XBee® transceiver a USB 

UART was included.  A FT232R chip was used for the USB to serial UART with an 

optional clock generator output, and the new FTDIChip-ID™ security dongle 

manufactured by Future Technology Devices International Ltd (FTDI), UK, see 

Appendix D for the datasheet.  This allowed the use of the WsEMG Computer Interface 

Node as this would need no external power supply as it would be powered via the USB 

port of the laptop computer.  The following features were the main reasons for choosing 

the use of the interface chip:  

 The entire USB protocol was handled on the chip.  No USB specific firmware 

programming was required. 

 The data transfer rates were from 300 baud rate to 3M baud rate. 
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 The UART interface support would be for 7 or 8 data bits; 1 or 2 stop bits and 

odd/even/mark/space/no parity. 

 The USB 2.0 full speed compatible. 

 

This chapter has presented the methodology used in the design and development of the 

new WsEMG electrodes used in this research.  These consisted of two separate 

components.  The detailed circuitry and new printed circuits boards for the final design 

of this research will be presented in the next chapter. 
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Chapter 4  

Detail Circuit Diagrams and Printed Circuit 

Board of Wireless Surface Electrodes 
 

 

This chapter will show the detailed circuitry and newly manufactured printed circuit 

boards (PCBs) that make up the components of the WsEMG electrodes system 

discussed in Chapter 3.  These will consist of three main components and are covered in 

sections: 

4.1 WsEMG Electrode Interface Node 

4.2 WsEMG Computer Interface Node 

4.3 Lithium-ion Polymer Battery Charger 

 

 

4.1 WsEMG Electrode Interface Node 

 

This node consists of the new main PCB, which has the Cypress PSoC® CY8C29466-

24PVXA chip plus the necessary components related to it, along with the high-pass 

filter and the socket for XBee® transceiver module plus the three header pins.  The 

header pins are to connect (a) the surface electrodes, (b) the lithium-ion polymer battery 

and a third (c) which was required only to initially allow the code for the PSoC® chip to 

be downloaded on the chip via the MiniPro1 programmer, which would not be required 

later when collecting the sEMG signals. 

 

The overall circuit diagram for the main board WsEMG Electrode Interface Node can 

be found in Appendix E.  Figure 4.1 shows the pin layout connections for the PSoC® 

CY8C29466-24PVXA chip along with the external crystal and the RC high pass filter. 
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Figure 4.1 – Pin configuration for CY8C29466-24PVXA chip plus components. 

 

The sEMG signals were very small in value with both positive and negative voltages, 

but the instrumentation amplifier module provided by the PSoC® chip could only accept 

positive voltages as an input.  The input gain limit was symmetrical with the analogue 

ground, so that the input common mode voltage of 0.5V above the Vss (ground) had to 

have the same input limitation as the input common mode voltage 0.5V below the Vcc 

(supply).  So a DC offset voltage was required for the sEMG signal to fit into this range.  

This is achieved by using a voltage divider biasing technique and is shown in Figure 

4.2.  The DC offset was applied to both inputs of the instrumentation amplifier and is 1.65 

V (3.3 V/2) as all the resistors must had to have equal values. 

 

 

Figure 4.2 – sEMG signal DC offset configuration 

 

High-pass 
Filter 

Crystal 

High-pass 
filter 
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The XBee® module on the PSoC® main board was needed to connect the DOUT pin to 

the RX pin in PSoC® chip; and the DIN pin was connected to TX pin in the PSoC® chip.  

The circuit schematic is shown in Figure 4.3. 

 

 

Figure 4.3 – Pin configuration and schematic diagram of XBee® module on main board 

of the WsEMG electrode interface node 

 

The XBee® module would only work with a supply voltage of 3.3 V DC but the 

Lithium-ion polymer battery supplied 3.7 V DC so a DC voltage regulator was needed.  

The voltage regulator MIC5209-3.3 was a 500 mA low-noise load dropout voltage 

regulator manufactured by Micrel.  A semiconductor was used to supply both the 

XBee® module and the PSOC® chip, see Appendix F for this datasheet.  The voltage for 

small loads only required a 10 mV dropout and less than 500 mV at full load. The 

circuit configuration is shown in Figure 4.4. 

 

 

Figure 4.4 – Circuit configuration of MIC5209 voltage regulator for WsEMG electrode 

interface node 
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Figure 4.5 shows the components for the main board, the XBee® module, the lithium-

ion polymer battery, the sEMG electrode leads and the MiniPro1 programmer. 

 

 

Figure 4.5 – The components that make up WsEMG electrode interface node assembly 

 

Figure 4.6 show pictures of the WsEMG electrode interface node assembled for two 

different configurations: (a) the top picture shows the initial assembly for the 

programming of the PSoC® chip with the MiniPro1 programmer and (b) the bottom 

picture shows it when fully assembled for collection of the sEMG signals.  The 

MiniPro1 programmer module allowed for the configuration of files plus the code that 

had been build and compiled in the PSoC® Designer™ which needed to be downloaded 

onto the PSoC® chip.  The code for the WsEMG electrode system is found in  

Appendix G. 
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Reference Electrode EMG Leads 
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Figure 4.6 – The WsEMG Electrode Interface Node 

 

 

Overall weight of the board with the XBee® module and battery is 17 grams and the 

overall dimension is: 42 mm x 41 mm x 20mm. 
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4.2 WsEMG Computer Interface Node 

 

The overall circuit diagram for the main board WsEMG Computer Interface Node is 

found in Appendix H.  This node consists of a PCB to act as a USB dongle to the laptop 

computer, which has a socket for the XBee® transceiver module and a PCB mounted 

USB Male Type A connector.  The circuit configuration is shown in Figure 4.7.   

 

 

Figure 4.7– Pin configuration and schematic diagram of USB Dongle 

 

The connection between the XBee® module and the FT232RL chip required 5 pins to be 

connected together.  These are given in Table 4.1. 

 

Table 4.1 – Shows the Pin Connections for the XBee® transceiver  
module on the USB dongle 
 

FT232 RL 
Pin No 

XBee® 
Pin No 

Name Description 

1 3 DIN Transmit Asynchronous data output 

2 9 DTR Data terminal ready control output 

3 16 RTS Request to send control output 

5 2 DOUT Receiving asynchronous data input 

11 12 CTS Clear to send control input 
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The XBee® transceiver module circuit diagram and pin configuration was different to 

the WsEMG electrode node and is shown in Figure 4.8. 

 

Figure 4.8 – Pin configuration and schematic diagram of XBee® module on USB dongle 

of the WsEMG computer interface node 

 

The supply voltage for the USB dongle PCB was +5 V.  The same voltage regulator 

MIC5209 was used to manage the 3.3 V to the XBee® transceiver on this node but with 

different components, see Figure 4.9. 

 

Figure 4.9 – Circuit configuration of MIC5209 voltage regulator for WsEMG computer 

interface node 
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Figure 4.10 shows the XBee® transceiver module and the new PCB board with the 

FT232RL chip and voltage before final assembly. 

 

 

Figure 4.10 – The final PCB with XBee® module been attach on. 

 

Figure 4.11 shows the new WsEMG computer interface node attached to a USB port of 

the laptop computer. 

 

 

Figure 4.11 – The new WsEMG computer interface node attached to the laptop 

computer 

 

 

4.3 Lithium-ion Polymer Battery Charger 

 

The rechargeable lithium-ion polymer battery used for the WSEMG electrode interface 

node required a new board to be designed and manufactured so the battery could be 

recharged using the laptop computer USB port.  The overall circuit diagram is shown in 

Appendix I.  The circuit schematic for the charging of the LTC4053-4.2 chip used is 
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shown in Figure 4.12.  The three light emitting diodes (LEDs) in the circuit indicated 

the different states of the charger.  At D3 the green LED indicated whether the VCC had 

been supplied to the circuit or not.  Table 4.2 shows LEDs D1 and D2 which indicated 

the different states whilst the battery was charging. 

 

 

Figure 4.12 – Circuit schematic of battery charger 

 

Table 4.2 – Different states of the Lithium-ion Polymer battery charger 

LED D1 LED D2 Description 

ON OFF Charge cycle has started 

ON ON Error battery not at the right temperature condition  

OFF OFF Normal timeout charging has been terminated 

OFF ON 
Error battery has a bad cell which cannot be  
charged 
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The final layout of the new PCB for the battery charger for the lithium-ion polymer battery 

is shown in Figure 4.13. 

 

 

Figure 4.13 – The new Lithium-ion Polymer battery charger 

 

 

4.4 XBee® Wireless Link Configuration 

 

This research used the XBee® series 2 transceiver module with a build in antenna 

version as shown in Figure 4.14. 

 

Figure 4.14 – XBee® Series 2 transceiver with build in antenna 

 

XBee® transceiver modules came with default factory settings, which can be modified 

to improve the security of the data being transmitted.  To configure the XBee® modules 

the USB dongle described in section 3.3.2 was used to configure both modules 

separately. 

 

Digi International had customised software to interact with the firmware files found on 

Digi’s wireless products, which had a simple graphical user interface which is called  

X-CTU.  The X-CTU software only needed changes in three different areas, these were: 

1. DL (Destination Address Low): was reset/to read the lower 32 bits of the 64 

bit destination address.  The DH register was set to zero.  The DL was less 

Header pins 
to battery LTC4053-4.2 

chip 

USB 
connector 
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than 0xFFFF for transmitting using a 16 bit address 0x000000000000FFFF 

was the broadcast address for the PAN. 

2. MY (16-bit Source Address): was set/to read the 16-bit source address for the 

modem.  The MY = 0xFFFF was set to disable the reception of packets with 

16-bit addresses.  The 64-bit source address was the serial number and was 

always enabled. 

3. BD (Interface Data Rate): was set/to read the serial interface baud rate for 

communication between the modem serial port and the host.  The request for 

non-standard baud rates with values above 0x80 was used for the terminal 

window.  The BD register had to be read to find the actual baud rate achieved. 

 

Setting for both XBee® series 1 and 2 modules are shown below in Table 4.3. 

Table 4.3 – Setting made in X-CTU software for XBee® Series 1 and 2 

Setting XBee® Series 1 XBee® Series 2 

DL (Destination Address Low) 80 81 

MY (16-bit Source Address) 81 80 

BD (Interface Data Rate) 7 – 115200 7 – 115200 

 

Figure 4.15 shows the screen shots of the setting made in X-CTU for both XBee® 

modules. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15 – Setting for the XBee® Series 2 modules 
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To test whether the two XBee® transceivers were communicating with each, two USB 

dongles were required with the modules configured.  Two X-CTU windows were 

required to open separately and by typing a statement into one window it would appear 

in the other window.  The other test used to show a certain message was sent by 

checking the response from the other module to show it had been received.  These two 

tests indicated that the two modules were communicating with each other.  This can be 

seen in Figure 4.16. 

 

 

Figure 4.16 – The X-CTU window for one XBee® module sending a message (blue) with 

a response from the second XBee® module message (red) 
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4.5 Overall Setup of WsEMG Electrodes 

 

Figure 4.17 shows the electrode interface and computer interface nodes with the surface 

electrodes connected to a laptop computer ready for the data collection of the sEMG 

signals from the subject’s vastus lateralis muscle. 

 

 

Figure 4.17 – Overall setup of WsEMG system 

 

This chapter has presented the detailed circuitry and the new printed circuits boards for 

the two nodes that made up the WsEMG system and the battery charger. 

 

The next chapter will present the necessary software that was required to connect the 

wireless system to the computer in order to collect and store the signals on the 

designated laptop. 
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Chapter 5  

Graphical User Interface for WsEMG Data 

Recording 
 

 

This chapter will discuss the data acquisition of the sEMG signals from the new 

Wireless Surface (WsEMG) electrode system developed for this research. 

 

This research used LabVIEW software provided by National Instruments to collect the 

sEMG signals and analysed them.  LabVIEW provided a graphical user interface 

programming code environment, which could be easily configured.  There were a large 

number of functions available for data acquisition, signal conditioning and analysis in 

this software so it was invaluable for use in this system design. 

 

The WsEMG computer interface node connected to the USB port of the laptop 

computer FT232RL chip used recognised a serial COM port.  This serial COM port 

needed a software driver interface to connect to the LabVIEW and is called a Virtual 

Instrument Software Architecture (VISA) and was provided by National instruments.  

VISA is a standard for configuring, programming, and troubleshooting instrumentation 

systems comprising GPIB, VXI, PXI, Serial, Ethernet, and/or USB interfaces.  Once the 

driver was installed the LabVIEW could connect to the XBee® transceiver module on 

the USB dongle. 

 

LabVIEW programs are called ‘Virtual Instruments (VI)’ because their appearance and 

operation imitate physical instruments such as the waveform graph that was needed and 

used in this research.  LabVIEW had a comprehensive set of tools for acquiring, 

analysing and storing data for the sEMG signals being collected.  LabVIEW has two 

parts; its user interface called the Front Panel with the controls and indicators and the 

second the Block Diagram where the code is written graphically for the VI to work to 

analyse the data. 
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5.1 Main VI  

 

The front panel and the block diagram of the VI for data acquisition for the sEMG 

system for collecting signals from the vastus lateralis muscle of the subject are shown in 

Figure 5.1.  An enlarged copy of the block diagram is found in Appendix J. 

 

 

 

 

 

Figure 5.1 – Front Panel (top) and Block Diagram (bottom) of the LabVIEW VI used 

for data acquisition of sEMG signals. 
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The VI discussions in this chapter have been split into four sections as follows: 

Section 5.2 The Initialisation of the VISA 

Section 5.3 The Initial Settings of the PSoC® 

Section 5.4 The Plotting of the sEMG signal 

Section 5.5 The Power Spectrum of the sEMG signal 

 

 

5.2 Initialisation of the VISA 

 

To allow the XBee® modules on the dongle and main boards of the system to start sending 

data, the VISA configuration serial port function node had to be set.  The two settings 

required were: 

1. The setting of the com port from the USB dongle for the communications.  This was 

done on the front panel of the VI. 

2. The baud rate for XBee® module to communicate with the PSoC® chip. 

 

 

Figure 5.2 – Section of the VI block diagram for configuring the VISA function node of 

the main LabVIEW VI 

 

Once the com port and baud rate had been set, the XBee® start control button on the 

front panel could be pressed to start the XBee® modules to communicate with the laptop 

computer. 
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5.3 Initial Settings of the PSoC® 

 

The front panel instrumentation allowed different setting to be chosen for the parameters of 

the PSoC® chip.  This is shown on Figure 5.3, these are: 

1. The Instrumentation Amplifier gain 

2. The Programmable Gain Amplifier 

3. The Low-pass filter cut-off frequency 

4. The Time setting of the PSoC® for collecting the data 

 

These setting were made on the front panel of the VI and once the Confirm Settings control 

had been pressed each of the above setting were sent in sequence to the PSoC® chip to be 

set before the data was transferred to the laptop computer. 

 

Figure 5.3 – Section of the VI block diagram for configuring the amplifiers, low-pas 

filter and time period on PSoC® 

 

 

5.4 Plotting of the sEMG signal 

 

Once the PSoC® transmitted the data via the XBee® transceiver modules it did so 

continuously.  To display this on the front panel of the main VI the data had to be split into 

segments.  The technique used to achieve this is shown in Figure 5.4. 

 

The data from the VISA read function node on the block diagram was fed into the while 

loop to split the data stream into values which could then be plotted.  This was done by 

identifying the spaces which separated the data into individual values ready for plotting. 
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The values that passed to the laptop computer were digital binary values that represent the 

amplified voltages which needed to be converted to plus or minus values which are shown 

inside the dotted box on Figure 5.3.  The PSoC® Delta Sigma ADC was 12-bit, so the bit 

resolution is approximately 0.8 mV.  These values were then plotted and displayed on a 

graph on the front panel and also passed to the Power Spectrum VI. 

 

 

Figure 5.4 – Section of the VI block plotting the sEMG data 

 

 

5.5 Power Spectrum of the sEMG signal 

 

The Power Spectrum sub VI shown in Figure 5.5 takes the sEMG signal and performed a 

Fast Fourier Transform (FFT) to produce the Power Spectrum plot on the front panel of the 

main VI.  The power spectrum was used to allow further analysis of the sEMG signals, and 

was not part of this research.  This could show the power spectral changes of the sEMG 

signals under certain test conditions. 

 

Figure 5.5 – Power Spectrum sub VI for analysis purposes of the sEMG signal 
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This chapter has presented the LabVIEW VI software that was developed for the data 

collection of sEMG signals for the new WsEMG electrode system developed for this 

research.  The protocol for the collection of the sEMG signals plus a set of results taken 

a from the subject’s vastus lateralis muscle using the new WsEMG electrodes will be 

presented in the next chapter. 
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Chapter 6  

Testing Procedures and Results 
 

 

This chapter will describe the testing protocol that was approved by the Auckland 

University of Technology (AUT) Ethics Committee.  These are detailed in Appendix K.  

A single set of results was collected using the newly designed WsEMG electrodes with 

the newly VI developed using the LabVIEW software. 

 

 

6.1 Testing Protocol 

 

The following steps were taken in collecting the sEMG signals from the subjects who 

had volunteered to be part of this research. 

 

 

6.1.1 Procedure 

 

When potential participants made contact with the researcher they were screened using 

inclusion and exclusion criteria, this is detail in Appendix K.  If the subject was deemed 

to be suitable to participate in the study, they received a verbal explanation of what 

would be involved.  Prior to assessment, procedures were explained to the participant 

and time was given for each participant to have any remaining questions answered 

before their individual written consent was obtained. 

 

 

6.1.2 Maximal Strength Test 

 

Participants were expected to perform a five-minute generalised warm up that would 

include riding an exer-cycle at a self-selected pace and performing a range of motion 

exercises for the lower limbs. 
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After the general warm-up was completed, the participants were seated in the upright 

chair of the HUMAC®/NORM™ Testing and Rehabilitation System (Computer Sports 

Medicine, Inc) with the selected knee bent to 80 degrees and attached to a load cell that 

measured the voluntary isometric force of the quadriceps. 

 

The upper body and upper thigh of the subject was securely strapped to the chair and the 

leg was also strapped to the load cell at mid-shin level, as shown in Figure 6.1.  The 

subject was then asked to perform a specific warm-up and was familiarised with a series 

of four sets of short (5 seconds) sub-maximal isometric knee extensions.  The intensity 

of the contractions was gradually increased against the resistance of the load cell and 

within the subject’s own limits. 

 

A one-minute rest followed each set of warm-up contractions.  The subject was then 

rested for three minutes before the maximal voluntary isometric force (MVIF) of the 

quadriceps was measured.  Three MVIF’s were measured and recorded for a five-

second period.  There was then a two-minute rest period between each MVIF test and 

the highest MVIF was then selected for analysis. 

 

Standardised verbal encouragement was given throughout the test from the force-to-

failure point. 

 

 

Figure 6.1 – Schematic diagram showing the equipment setup for data acquisition of 

sEMG signals. 
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6.1.3 Isometric Contraction Knee Extension Test 

 

The subjects were rested for a further period of 20 minutes following the maximal 

strength test, before the subjects were again asked to maintain a sub-maximal 

contraction at 50% MVIF for a ten-second period.  Subjects were also instructed prior to 

and during the tests to endure the contraction s required using standardised verbal 

encouragement. 

 

 

6.1.4 Electromyography (EMG) Measures: 

 

Muscle activity was recorded using the new WsEMG electrode system designed for this 

research.  Following appropriate skin preparation (the skin was shaved, then gently 

abraded and cleaned with alcohol),  the surface Ag/AgCl surface electrodes were then 

place on the skin surface overlying the vastus lateralis muscle of the thigh using 

standardised procedures. 
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6.2 Results 

 

The new WsEMG was tested on five healthy volunteers with no previous history of 

knee or severe musculoskeletal injuries (five males, aged between 18-35 years) 

participated in this study. 

 

Figure 6.2 shows placement of both the Ag/AgCl electrodes on the vastus lateralis 

muscle of the subjects and the reference electrode as per recommendations published by 

the Surface Electromyography for Non-invasive Assessment of Muscle[35]. 

 

 

Figure 6.2 – Placement of Electrodes on Subjects Leg 

 

Figure 6.3 shows the Electrode Interface Node attached the surface electrodes on the 

subjects prior to testing. 

 

 

Figure 6.3 – Placement of Electrodes on Subjects Leg 
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Figure 6.4 shows a one second period of sEMG signal collected from Subject No. 2 

vastus lateralis muscle performing 50% Maximum Voluntary Isometric Force (MVIF) 

contraction as per the testing protocol approved by the AUT Ethics Committee. 

 

 

Figure 6.4 – sEMG signal at 50% MVIF from Subject No.2 

 

 

Figure 6.5 shows the corresponding Power Spectrum plot for the sEMG signal shown in 

Figure 6.4 

 

 

Figure 6.5 – Power Spectrum for sEMG shown in Figure 6.4 

 

The outcome of this research showed that the new developed WsEMG electrode system 

using the PSoC® chip using XBee® series 2 transceivers modules with a new VI 

developed using LabVIEW code produce acceptable results in terms of the data 

collection of sEMG signals. 
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Chapter 7  

Conclusion and Future Work 
 

 

This research was designed to show the potential in building a new light and compact 

wireless electrode system for data acquisition of sEMG signals.  The prototype system 

consisted of two parts (a) the electrode interface node and (b) the computer interface 

node.  The XBee® series 2 transceiver modules were used for the wireless link between 

the two nodes. 

 

The data acquisition and storage of the data on a laptop computer was achieved by 

developing a new virtual instrument using LabVIEW software.  By using the PSoC® 

chip with LabVIEW it was possible to reconfigure a number of settings such as the 

overall gain and low-pass cut off frequency by using software without having to 

physically change the hardware components which made the system more flexible and 

easier to use. 

 

The overall system acquired sEMG signals sampled at a sampling frequency of 1048 Hz 

with an overall gain of 200.  The signals collected using human subjects after gaining 

the AUT Ethics Committee’s approval gave acceptable results compared to wired 

electrodes in terms of signal quality.  This research has shown that using the new 

WsEMG electrodes would enhance the ability of the clinician to collect sEMG signals 

without the need to put patients or subjects under unrealistic test conditions. 

 

Future work is required to solve a number of issues, these are: 

 

1. The present configuration of the XBee® transceiver modules had been 

configured using a point to point network.  As the modules were series 2 

which supports mesh networking, future work is required to understand how 

this would be implemented using more than one node on a muscle site or 

testing different muscles at the same time. 
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2. The prototype device at present requires both nodes to be handled with care.  

It requires some skill to place one on the subject’s skin and the other on the 

USB interface.  So new enclosures will be required to be designed.  This will 

require greater consideration of the PCB layout and connectors. 

 

3. The rechargeable battery needs to be removed from the electrode interface 

node when it needs to be recharged using an external battery charger.  It 

would be more suitable to have the charger become part of the interface node 

board.  This would then need a new circuit and PCB board to manage the 

battery charger circuit.  This could still be on the same board as the PSoC® 

chip with the XBee® modules.  This would still require this board to be light 

and compact. 
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Appendix A:  

 

Datasheet for PSoC® CY8C29466-24PVXA Chip 
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Datasheet for Battery Charger LTC4053-4.2 
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Datasheet for FT232R Chip 
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Appendix E:  

 

Circuit Diagram for the WsEMG Electrode 

Interface Node 
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Appendix F:  

 

Datasheet for XBee® Series 2 Module 
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F 

ac
tiv

ity
, 

th
e 

en
d 

de
vi

ce
 w

ill
 r

es
um

e 
cy

cl
ic

 s
le

ep
 o

pe
ra

tio
n.

W
he

n 
th

e 
m

od
ul

e 
w

ak
es

, 
C
TS

 g
oe

s 
lo

w
 a

llo
w

in
g 

th
e 

ap
pl

ic
at

io
n 

to
 s

en
d 

se
ri
al

 d
at

a 
to

 t
he

 m
od

ul
e 

if 
ne

ce
ss

ar
y.

 T
he

 O
n/

S
le

ep
 in

di
ca

to
r 

w
ill

 b
e 

se
t 
hi

gh
 t
o 

al
er

t 
th

e 
ap

pl
ic

at
io

n 
th

at
 t
he

 e
nd

 d
ev

ic
e 

ha
s 

aw
ak

en
ed

. 
If

 s
er

ia
l o

r 
R
F 

da
ta

 is
 r

ec
ei

ve
d,

 t
he

 S
T 

tim
er

 w
ill

 b
e 

re
se

t,
 o

th
er

w
is

e,
 t
he

 e
nd

 d
ev

ic
e 

w
ill

 
re

su
m

e 
lo

w
 p

ow
er

 o
pe

ra
tio

n.

O
ff

 b
oa

rd
 p

er
ip

he
ra

ls
 m

ay
 w

is
h 

to
 s

le
ep

 lo
ng

er
 t

ha
n 

th
e 

m
ax

im
um

 S
P 

tim
e 

of
 t

he
 e

nd
 d

ev
ic

e.
 T

he
 

S
N

 c
om

m
an

d 
ca

n 
be

 u
se

d 
to

 n
ot

 w
ak

e 
of

f 
bo

ar
d 

pe
ri
ph

er
al

s 
fo

r 
lo

ng
er

 t
ha

n 
S
P 

tim
e.

Fo
r 

ex
am

pl
e,

 if
 S

P=
28

 s
ec

on
ds

, 
an

d 
S
N

=
5,

 t
he

 e
nd

 d
ev

ic
e 

w
ill

 w
ak

e 
up

 e
ve

ry
 2

8 
se

co
nd

s 
an

d 
po

ll 
th

e 
pa

re
nt

 f
or

 d
at

a.
 I

f 
no

 d
at

a 
is

 p
en

di
ng

, 
th

e 
en

d 
de

vi
ce

 w
ill

 r
et

ur
n 

to
 s

le
ep

. 
In

 t
hi

s 
ex

am
pl

e,
 if

 
th

e 
pa

re
nt

 h
as

 n
o 

da
ta

 f
or

 t
he

 e
nd

 d
ev

ic
e,

 O
n/

S
le

ep
 w

ill
 g

o 
hi

gh
 a

ft
er

 1
40

 s
ec

on
ds

, 
as

su
m

in
g 

th
e 

pa
re

nt
 n

ev
er

 h
as

 d
at

a 
fo

r 
th

e 
en

d 
de

vi
ce

. 
If

 t
he

 p
ar

en
t 

ha
s 

da
ta

 f
or

 t
he

 e
nd

 d
ev

ic
e,

 O
n/

S
le

ep
 w

ill
 

go
 h

ig
h 

an
d 

th
e 

S
N

 c
ou

nt
er

 w
ill

 r
es

et
.
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Z

ig
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ee
 N

et
w
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k 

Fo
rm

at
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n

A
 Z

ig
B
ee

 P
er

so
na

l A
re

a 
N

et
w

or
k 

(P
A
N

) 
co

ns
is

ts
 o

f o
ne

 c
oo

rd
in

at
or

 a
nd

 o
ne

 o
r 

m
or

e 
ro

ut
er

s 
an

d/
or

 
en

d 
de

vi
ce

s.
 A

 Z
ig

B
ee

 P
er

so
na

l A
re

a 
N

et
w

or
k 

(P
A
N

) 
is

 c
re

at
ed

 w
he

n 
a 

co
or

di
na

to
r 

se
le

ct
s 

a 
ch

an
ne

l a
nd

 P
A
N

 I
D

 t
o 

st
ar

t 
on

. 
O

nc
e 

th
e 

co
or

di
na

to
r 

ha
s 

st
ar

te
d 

a 
PA

N
, 

it 
ca

n 
al

lo
w

 r
ou

te
r 

an
d 

en
d 

de
vi

ce
 n

od
es

 t
o 

jo
in

 t
he

 P
A
N

. 

W
he

n 
a 

ro
ut

er
 o

r 
en

d 
de

vi
ce

 j
oi

ns
 a

 P
A
N

, 
it 

re
ce

iv
es

 a
 1

6-
bi

t 
ne

tw
or

k 
ad

dr
es

s 
an

d 
ca

n 
tr

an
sm

it 
da

ta
 t

o 
or

 r
ec

ei
ve

 d
at

a 
fr

om
 o

th
er

 d
ev

ic
es

 in
 t

he
 P

A
N

. 
Ro

ut
er

s 
an

d 
th

e 
co

or
di

na
to

r 
ca

n 
al

lo
w

 o
th

er
 

de
vi

ce
s 

to
 j
oi

n 
th

e 
PA

N
, 

an
d 

ca
n 

as
si

st
 in

 s
en

di
ng

 d
at

a 
th

ro
ug

h 
th

e 
ne

tw
or

k 
to

 e
ns

ur
e 

da
ta

 is
 

ro
ut

ed
 c

or
re

ct
ly

 t
o 

th
e 

in
te

nd
ed

 r
ec

ip
ie

nt
 d

ev
ic

e.
 W

he
n 

a 
ro

ut
er

 o
r 

co
or

di
na

to
r 

al
lo

w
s 

an
 e

nd
 

de
vi

ce
 t

o 
jo

in
 t

he
 P

A
N

, t
he

 e
nd

 d
ev

ic
e 

th
at

 jo
in

ed
 b

ec
om

es
 a

 c
hi

ld
 o

f t
he

 r
ou

te
r 

or
 c

oo
rd

in
at

or
 t
ha

t 
al

lo
w

ed
 t

he
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oi

n.

En
d 

de
vi

ce
s,

 h
ow

ev
er

 c
an

 t
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ns
m

it 
or

 r
ec

ei
ve
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at

a 
bu

t 
ca

nn
ot

 r
ou

te
 d

at
a 
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om

 o
ne

 n
od

e 
to

 
an

ot
he

r, 
no

r 
ca

n 
th

ey
 a

llo
w

 d
ev

ic
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o 
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in

 t
he

 P
A
N

. 
En

d 
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vi
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s 
m
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t 

al
w

ay
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co
m

m
un

ic
at

e 
di

re
ct

ly
 t

o 
th

e 
pa

re
nt

 t
he

y 
jo

in
ed

 t
o.

 T
he

 p
ar

en
t 

ro
ut

er
 o

r 
co

or
di

na
to

r 
ca

n 
ro

ut
e 

da
ta

 o
n 

be
ha

lf 
of

 
an

 e
nd

 d
ev

ic
e 

ch
ild

 t
o 

en
su

re
 it

 r
ea

ch
es

 t
he

 c
or

re
ct

 d
es

tin
at

io
n.

 E
nd

 d
ev

ic
es

 a
re

 in
te

nd
ed

 t
o 

be
 

ba
tt

er
y 

po
w

er
ed

 a
nd

 c
an

 s
up

po
rt

 lo
w

 p
ow

er
 m

od
es

.
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/S
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pl
e
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a
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si
c
Zi
gB
ee
N
et
w
or
k
To
po
lo
gy

Th
e 

ne
tw

or
k 

ad
dr

es
s 

of
 t

he
 P

A
N

 c
oo

rd
in

at
or

 is
 a

lw
ay

s 
0.

 W
he

n 
a 

ro
ut

er
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oi

ns
 a

 P
A
N

, 
it 

ca
n 

al
so

 
al

lo
w

 o
th

er
 r

ou
te

rs
 a

nd
 e

nd
 d

ev
ic

es
 t

o 
jo

in
 t

o 
it.

 J
oi

ni
ng

 e
st

ab
lis

he
s 

a 
pa

re
nt

/c
hi

ld
 r

el
at

io
ns

hi
p 

be
tw

ee
n 

tw
o 

no
de

s.
 T

he
 n

od
e 

th
at

 a
llo

w
ed

 t
he

 j
oi

n 
is

 t
he

 p
ar

en
t,

 a
nd

 t
he

 n
od

e 
th

at
 j
oi

ne
d 

is
 t

he
 

ch
ild

. 
Th

e 
pa

re
nt

/c
hi

ld
 r

el
at

io
ns

hi
p 
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 n

ot
 n

ec
es

sa
ry

 f
or

 r
ou

tin
g 

da
ta

.
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S
ta

rt
in
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ig

B
ee
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o

o
rd

in
at

o
r

W
he

n 
a 

co
or

di
na

to
r 

fir
st

 c
om

es
 u

p,
 it

 p
er

fo
rm

s 
an

 e
ne

rg
y 

sc
an

 o
n 

m
ul

itp
le

 c
ha

nn
el

s 
(f

re
qu

en
ci

es
) 

to
 s

el
ec

t 
an

 u
nu

se
d 

ch
an

ne
l t

o 
st

ar
t 

th
e 

PA
N

. 
A
ft

er
 r

em
ov

in
g 

ch
an

ne
ls

 w
ith

 h
ig

h 
de

te
ct

ed
 e

ne
rg

y 
le

ve
ls

, 
th

e 
co

or
di

na
to

r 
is

su
es

 a
n 

80
2.

15
.4

 b
ea

co
n 

re
qu

es
t 

co
m

m
an

d 
on

 t
he

 r
em

ai
ni

ng
, 
lo

w
 e

ne
rg

y 
le

ve
l c

ha
nn

el
s.

 A
ny

 r
ou

te
rs

 o
r 

co
or

di
na

to
rs

 r
es

po
nd

 t
o 

th
e 

be
ac

on
 r

eq
ue

st
 f

ra
m

e 
w

ith
 a

 s
m

al
l 

be
ac

on
 t

ra
ns

m
is

si
on

 t
ha

t 
in

di
ca

te
s 

th
e 

PA
N

 id
en

tif
ie

r 
(P

A
N

 I
D

) 
th

at
 t

he
y 

ar
e 

op
er

at
in

g 
on

, 
an

d 
w

he
th

er
 o

r 
no

t 
th

ey
 a

re
 a

llo
w

in
g 

jo
in

in
g.

Th
e 

co
or

di
na

to
r 

w
ill

 a
tt

em
pt

 t
o 

st
ar

t 
on

 a
n 

un
us

ed
 P

A
N

 I
D

 
an

d 
ch

an
ne

l. 
A
ft

er
 s

ta
rt

in
g,

 t
he

 c
oo

rd
in

at
or

 m
ay

 a
llo

w
 o

th
er

 d
ev

ic
es

 t
o 

jo
in

 it
s 

PA
N

.

3
.1

.2
. 

Jo
in

in
g

 a
 R

o
u

te
r

W
he

n 
a 

ro
ut

er
 f

ir
st

 c
om

es
 u

p,
 it

 m
us

t 
lo

ca
te

 a
nd

 j
oi

n 
a 

Z
ig

B
ee

 P
A
N

. 
To

 d
o 

th
is

, 
it 

is
su

es
 a

n 
80

2.
15

.4
 b

ea
co

n 
re

qu
es

t 
co

m
m

an
d 

on
 m

ul
tip

le
 c

ha
nn

el
s 

to
 lo

ca
te

 n
ea

rb
y 

PA
N

s.
 N

ea
rb

y 
ro

ut
er

s 
an

d 
co

or
di

na
to

rs
 r

es
po

nd
 t

o 
th

e 
be

ac
on

 r
eq

ue
st

 f
ra

m
e 

w
ith

 a
 s

m
al

l b
ea

co
n 

tr
an

sm
is

si
on

, 
in

di
ca

tin
g 

w
hi

ch
 c

ha
nn

el
 a

nd
 P

A
N

 I
D

 t
he

y 
ar

e 
op

er
at

in
g 

on
. 
Th

e 
ro

ut
er

 li
st

en
s 

on
 e

ac
h 

ch
an

ne
l f

or
 

th
es

e 
be

ac
on

 f
ra

m
es

, 
an

d 
de

te
rm

in
es

 w
hi

ch
 d

ev
ic

e 
it 

sh
ou

ld
 jo

in
. 

If
 a

 v
al

id
 P

A
N

 is
 f
ou

nd
 f
ro

m
 o

ne
 

of
 t

he
 r

ec
ei

ve
d 

be
ac

on
s,

 t
he

 r
ou

te
r 

is
su

es
 a

 j
oi

n 
re

qu
es

t 
to

 t
he

 d
ev

ic
e 

th
at

 s
en

t 
th

e 
be

ac
on

. 
If

 
jo

in
in

g 
su

cc
ee

ds
, 

th
e 

ro
ut

er
 w

ill
 t

he
n 

re
ce

iv
e 

a 
jo

in
 c

on
fir

m
at

io
n 

fr
om

 t
he

 d
ev

ic
e,

 in
di

ca
tin

g 
th

e 
jo

in
 w

as
 s

uc
ce

ss
fu

l. 
O

nc
e 

th
e 

ro
ut

er
 j
oi

ns
 t

he
 P

A
N

, 
it 

ca
n 

co
m

m
un

ic
at

e 
w

ith
 o

th
er

 d
ev

ic
es

 o
n 

th
e 

PA
N

 a
nd

 a
llo

w
 n

ew
 d

ev
ic

es
 t

o 
jo

in
 t

o 
it.
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g
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n

 E
n

d
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ev
ic

e

W
he

n 
an

 e
nd

 d
ev

ic
e 

fir
st

 c
om

es
 u

p,
 it

 m
us

t 
al

so
 lo

ca
te

 a
nd

 j
oi

n 
a 

PA
N

. 
En

d 
de

vi
ce

s 
fo

llo
w

 t
he

 
sa

m
e 

pr
oc

es
s 

as
 a

 r
ou

te
r 

to
 j
oi

n 
a 

PA
N

. 
O

nc
e 

th
e 

en
d 

de
vi

ce
 h

as
 s

uc
ce

ss
fu

lly
 j
oi

ne
d 

a 
PA

N
, 

it 
ca

n 
co

m
m

un
ic

at
e 

w
ith

 o
th

er
 d

ev
ic

es
 o

n 
th

e 
PA

N
. 

H
ow

ev
er

, 
si

nc
e 

en
d 

de
vi

ce
s 

ca
nn

ot
 r

ou
te

 d
at

a,
 it

 
m

us
t 

al
w

ay
s 

co
m

m
un

ic
at

e 
di

re
ct

ly
 w

ith
 it

s 
pa

re
nt

 a
nd

 a
llo

w
 t

he
 p

ar
en

t 
to

 r
ou

te
 d

at
a 

in
 it

s 
be

ha
lf.

Fi
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at
ta
ke
pl
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. 
Z

ig
B

ee
 N

et
w

or
k 

C
om

m
u

n
ic

at
io

n
s

Z
ig

be
e 

su
pp

or
ts

 d
ev

ic
e 

ad
dr

es
si

ng
 a

nd
 a

pp
lic

at
io

n 
la

ye
r 

ad
dr

es
si

ng
. 

D
ev

ic
e 

ad
dr

es
si

ng
 s

pe
ci

fie
s 

th
e 

de
st

in
at

io
n 

ad
dr

es
s 

of
 t
he

 d
ev

ic
e 

a 
pa

ck
et

 is
 d

es
tin

ed
 t
o.

 A
pp

lic
at

io
n 

la
ye

r 
ad

dr
es

si
ng

 in
di

ca
te

s 
a 

pa
rt

ic
ul

ar
 a

pp
lic

at
io

n 
re

ci
pi

en
t,

 k
no

w
n 

as
 a

 Z
ig

be
e 

en
dp

oi
nt

, 
al

on
g 

w
ith

 m
es

sa
ge

 t
yp

e 
fie

ld
s 

ca
lle

d 
cl

us
te

r 
ID

s.
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ig
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ev
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e 

A
d

d
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l u
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w
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B
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•
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-b
it 

N
et

w
or

k 
A
dd
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ss

es
•

64
-b

it 
A
dd
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ss

es

1
6

-b
it

 N
et

w
o

rk
 A

d
d

re
ss

es

A
 1

6-
bi

t 
N

et
w

or
k 

A
dd

re
ss

 is
 a

ss
ig

ne
d 

to
 a

 n
od

e 
w

he
n 
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e 

no
de

 j
oi

ns
 a

 n
et

w
or

k.
 T
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 N

et
w

or
k 

A
dd

re
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to

 e
ac

h 
no
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et

w
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 H
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ev
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N

et
w

or
k 

A
dd
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ot
 s

ta
tic
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 it

 c
an
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Th
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w
in
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w
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 c
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ei
ve
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 n

ew
 N

et
w
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k 

A
dd
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ss

:
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ig

B
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 d
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 d
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t 
ar

e 
us
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 s
er
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pp
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at

io
ns
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de

vi
ce

. 
A
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en
dp

oi
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 d
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k 
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 a
pp

lic
at

io
n 
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un
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ig
B
ee

 d
ev
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ig
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 d
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s.

 C
lu

st
er
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 d
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lu
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er
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tin
g 
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ile
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ex
am

pl
e,
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ou

ld
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e 
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tio
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Tu

rn
Li

gh
tO

n”
, 
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nL
ig

ht
O

ff
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D

im
Li

gh
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et

c.
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up
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 a
 s

in
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e 
ra
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o 

co
nt

ro
ls
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 li

gh
t 
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m

m
er
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nd

 o
ne

 o
r 

m
or

e 
lig

ht
 s

w
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s.

 T
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 d
im

m
er
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nd
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itc
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s 
co

ul
d 
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 a

ss
ig

ne
d 
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 d

iff
er

en
t 

en
dp

oi
nt
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al

ue
s.

 T
o 

se
nd

 a
 m

es
sa

ge
 t

o 
th

e 
di

m
m

er
, 

a 
re

m
ot

e 
ra

di
o 

w
ou

ld
 t

ra
ns

m
it 

a 
m

es
sa

ge
 t

o 
th

e 
di

m
m

er
 e

nd
po

in
t 

on
 t

he
 r

ad
io

. 
In

 t
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s 
ex

am
pl
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 t
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ra
di

o 
m

ig
ht
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up

po
rt

 c
lu

st
er

 I
D
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 “
Tu

rn
Li

gh
tO

n”
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Tu
rn

Li
gh

tO
ff
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 o
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“D

im
Li

gh
t”

. T
hu

s,
 fo

r 
ra

di
o 

A
 t
o 

tu
rn

 o
ff
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 li

gh
t 

on
 r

ad
io
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ra
di

o 
A
 w

ou
ld

 s
en

d 
a 

tr
an

sm
is
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on

 t
o 

th
e 

lig
ht

 s
w

itc
h 

en
dp

oi
nt

 o
n 

ra
di

o 
B
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us
in

g 
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te
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Tu

rn
Li

gh
tO

ff
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 T
hi
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 s
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w
n 
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 t

he
 f

ig
ur
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lo
w
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 c
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ne
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re
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ne
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 d
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 d
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 d
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D
at

a 
Tr

an
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o
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n
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 R

o
u
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n

g

A
ll 
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ta

 p
ac

ke
ts
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dd

re
ss

ed
 u

si
ng

 b
ot

h 
de

vi
ce

 a
nd

 a
pp

lic
at

io
n 

la
ye

r 
ad

dr
es

si
ng

 f
ie

ld
s.

 D
at

a 
ca

n 
be

 s
en

t 
as

 a
 b

ro
ad

ca
st

, 
m

ul
tic

as
t,

 o
r 

un
ic

as
t 

tr
an

sm
is

si
on

.

B
ro

ad
ca

st
 T

ra
n

sm
is

si
o

n
s

B
ro

ad
ca

st
 t

ra
ns

m
is

si
on

s 
w

ith
in

 t
he

 Z
ig

B
ee

 p
ro

to
co

l a
re

 in
te

nd
ed

 t
o 

be
 p

ro
pa

ga
te

d 
th

ro
ug

ho
ut

 t
he

 
en

tir
e 

ne
tw

or
k 

su
ch

 t
ha

t 
al

l n
od

es
 r

ec
ei

ve
 t

he
 t

ra
ns

m
is

si
on

. 
To

 a
cc
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pl

is
h 

th
is

, 
al

l d
ev

ic
es

 t
ha

t 
re

ce
iv

e 
a 

br
oa

dc
as

t 
tr

an
sm

is
si

on
 w

ill
 r

et
ra

ns
m

it 
th

e 
pa

ck
et

 3
 t

im
es

. 
Ea

ch
 n

od
e 

th
at

 t
ra

ns
m
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 t

he
 

br
oa

dc
as

t 
w

ill
 a

ls
o 

cr
ea

te
 a

n 
en

tr
y 

in
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 lo
ca

l b
ro

ad
ca

st
 t

ra
ns

m
is

si
on

 t
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le
. 

Th
is

 e
nt

ry
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 u
se

d 
to

 
ke

ep
 t

ra
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 o
f 
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ch
 r

ec
ei

ve
d 

br
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dc
as

t 
pa

ck
et

 t
o 

en
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re
 t

he
 p

ac
ke

ts
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 n

ot
 e

nd
le

ss
ly

 t
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ns
m

itt
ed
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Ea

ch
 e

nt
ry

 p
er

si
st

s 
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8 

se
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nd
s.

 T
he

 b
ro

ad
ca

st
 t

ra
ns

m
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si
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le
 h
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ds
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 e

nt
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.

S
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 b

ro
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ca
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m
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y 
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 d
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w
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m
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ou
ld

 b
e 
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 s
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ri
ng
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.

M
u
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Tr
an

sm
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si
o

n
s

M
ul
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t 
tr

an
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is
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s 

op
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at
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si
m
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 t
ra
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m

is
si
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s.

 D
at
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pa

ck
et

s 
ar

e 
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t 

th
ro
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ut
 t
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 n
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or
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ev
er
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 d

ev
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 t
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e 
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m
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ou
p 

w
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 r
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 t
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 d
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pa
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s.

U
n

ic
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Tr
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sm

is
si

o
n

s

U
ni

ca
st

 Z
ig

B
ee

 t
ra

ns
m

is
si
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s 
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e 

al
w
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dr

es
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 t
he

 1
6-

bi
t 

ad
dr
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he
 d

es
tin

at
io

n 
de

vi
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ow

ev
er
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nl

y 
th

e 
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-b
it 
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dr

es
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 d
ev
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 p
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 1
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ad

dr
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n 
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an
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 d
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-b
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in

t 
1

E
nd

po
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64
-b

it 
ad

dr
es

s.
 O

nc
e 

th
e 

16
-b

it 
ad

dr
es

s 
is

 k
no

w
n,

 a
 r

ou
te

 t
o 

th
e 

de
st

in
at

io
n 

de
vi

ce
 m

us
t 

be
 d

is
co

ve
re

d.
 Z

ig
B
ee

 e
m

pl
oy

s 
m

es
h 

ro
ut

in
g 

us
in

g 
th

e 
A
d-

ho
c 

O
n-

de
m

an
d 

D
is

ta
nc

e 
Ve

ct
or

 r
ou

tin
g 

(A
O

D
V
) 

pr
ot

oc
ol

 t
o 

es
ta

bl
is

h 
a 

ro
ut

e 
be

tw
ee

n 
th

e 
so

ur
ce

 d
ev

ic
e 

an
d 

th
e 

de
st

in
at

io
n.

 

N
et

w
o

rk
 A

d
d

re
ss

 D
is

co
ve

ry
D

at
a 

tr
an

sm
is

si
on

s 
ar

e 
al

w
ay

s 
se

nt
 t

o 
th

e 
16

-b
it 

ne
tw

or
k 

ad
dr

es
s 

of
 t

he
 d

es
tin

at
io

n 
de

vi
ce

. 
H

ow
ev

er
, 
si

nc
e 

th
e 

64
-b

it 
ad

dr
es

s 
is

 u
ni

qu
e 

to
 e

ac
h 

de
vi

ce
 a

nd
 is

 g
en

er
al

ly
 k

no
w

n,
 Z

ig
B
ee

 d
ev

ic
es

 
m

us
t 

di
sc

ov
er

 t
he

 n
et

w
or

k 
ad

dr
es

s 
th

at
 w

as
 a

ss
ig

ne
d 

to
 a

 p
ar

tic
ul

ar
 d

ev
ic

e 
w

he
n 

it 
jo

in
ed

 t
he

 P
A
N

 
be

fo
re

 t
he

y 
ca

n 
tr

an
sm

it 
da

ta
. 

To
 d

o 
th

is
, 

th
e 

de
vi

ce
 in

iti
at

in
g 

a 
tr

an
sm

is
si

on
 s

en
ds

 a
 b

ro
ad

ca
st

 n
et

w
or

k 
ad

dr
es

s 
di

sc
ov

er
y 

tr
an

sm
is

si
on

 t
hr

ou
gh

ou
t 

th
e 

ne
tw

or
k.

 T
hi

s 
pa

ck
et

 c
on

ta
in

s 
th

e 
64

-b
it 

ad
dr

es
s 

of
 t

he
 d

ev
ic

e 
th

e 
in

iti
at

or
 n

ee
ds

 t
o 

se
nd

 d
at

a 
to

. 
D

ev
ic

es
 t

ha
t 

re
ce

iv
e 

th
is

 b
ro

ad
ca

st
 t

ra
ns

m
is

si
on

 c
he

ck
 t

o 
se

e 
if 

th
ei

r 
64

-b
it 

ad
dr

es
s 

m
at

ch
es

 t
he

 6
4-

bi
t 

ad
dr

es
s 

co
nt

ai
ne

d 
in

 t
he

 b
ro

ad
ca

st
 t

ra
ns

m
is

si
on

. 
If

 t
he

 
ad

dr
es

se
s 

m
at

ch
, 

th
e 

de
vi

ce
 s

en
ds

 a
 r

es
po

ns
e 

pa
ck

et
 b

ac
k 

to
 t

he
 in

iti
at

or
, 

pr
ov

id
in

g 
th

e 
ne

tw
or

k 
ad

dr
es

s 
of

 t
he

 d
ev

ic
e 

w
ith

 t
he

 m
at

ch
in

g 
64

-b
it 

ad
dr

es
s.

 W
he

n 
th

is
 r
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po
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e 
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 r

ec
ei

ve
d,

 t
he

 
in

iti
at

or
 c

an
 t

he
n 

tr
an
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it 
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.
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h
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o
u

ti
n

g
M
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h 

ro
ut

in
g 

al
lo

w
s 

da
ta

 p
ac

ke
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 t
o 

tr
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er
se

 m
ul

tip
le

 n
od

es
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ho
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) 
in

 a
 n

et
w

or
k 

to
 r

ou
te

 d
at

a 
fr

om
 a

 s
ou

rc
e 

to
 a

 d
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tin
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io
n.

 T
he

 r
ou

te
 a

 p
ac

ke
t 

ca
n 

ta
ke

 in
 a

 m
es

h 
ne

tw
or

k 
is

 in
de

pe
nd

en
t 

of
 

th
e 

pa
re

nt
/c

hi
ld

 r
el

at
io

ns
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ps
 e

st
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d 
du

ri
ng

 j
oi
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ng
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B
ef

or
e 

tr
an
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g 

a 
da
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 p
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ke

t 
fr

om
 

so
ur

ce
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de

st
in

at
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n 
no

de
s,
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 r

ou
te

 m
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t 
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 e
st
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he
d.
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ou
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 d
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ve
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n 
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A
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D
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c 

O
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m
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D
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g)
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l.

A
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D
V
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A

d
-h

o
c 

O
n
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d

 D
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n

ce
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r)
 R
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n
g

 A
lg

o
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th
m

Ro
ut

in
g 

un
de

r 
th

e 
A
O

D
V
 p

ro
to

co
l i

s 
ac

co
m

pl
is

he
d 

us
in

g 
ta

bl
es

 in
 e

ac
h 

no
de

 t
ha

t 
st

or
e 

in
 t

he
 n

ex
t 

ho
p 

(i
nt

er
m

ed
ia

ry
 n

od
e 

be
tw

ee
n 

so
ur

ce
 a

nd
 d

es
tin

at
io

n 
no

de
s)

 f
or

 a
 d

es
tin

at
io

n 
no

de
. 

If
 a

 n
ex

t 
ho

p 
is

 n
ot

 k
no

w
n,

 r
ou

te
 d

is
co

ve
ry

 m
us

t 
ta

ke
 p

la
ce

 in
 o

rd
er

 t
o 

fin
d 

a 
pa

th
. 

S
in

ce
 o

nl
y 

a 
lim

ite
d 

nu
m

be
r 

of
 r

ou
te

s 
ca

n 
be

 s
to

re
d 

on
 a

 R
ou

te
r, 

ro
ut

e 
di

sc
ov

er
y 

w
ill

 t
ak

e 
pl

ac
e 

m
or

e 
of

te
n 

on
 a

 la
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e 
ne

tw
or

k 
w

ith
 c

om
m

un
ic

at
io

n 
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n 
m

an
y 
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er
en

t 
no

de
s.

W
he

n 
a 

so
ur

ce
 n

od
e 

m
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t 
di
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ov

er
 a

 r
ou
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 t

o 
a 

de
st

in
at

io
n 

no
de

, 
it 

se
nd

s 
a 

br
oa
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t 
ro

ut
e 
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qu
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t 
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m

m
an

d.
 T

he
 r

ou
te

 r
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ue
st

 c
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m
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N

et
w
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k 
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e 
de

st
in

at
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N

et
w
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k 

A
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at
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t 
fie

ld
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m
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r 
m
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e 
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m
m
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 p
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d 
th
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st
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ra
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m
is

si
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 m
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sa
ge
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 c
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e 
de
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at
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s 
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e 
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 c
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s 
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e 

‘p
at
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in
st

 
pr
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 p
at

h 
co

st
 s

to
re

d 
in

 t
he

 r
ou

te
 r

eq
ue

st
 is

 b
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 p
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at
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ra
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 f
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 o
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d
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 b
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at
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ra
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 d
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 d
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 r
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ra
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ra
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 d
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ra
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 d
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 f
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 c
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at
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 c
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 c
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e 

co
or

di
na

to
r 

ha
s 

st
ar

te
d,

 r
ou

te
rs

 a
nd

 e
nd

 d
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 c
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 c
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at
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 c
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 c
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l c
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 p
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 b
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 c
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 s
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 s
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 c
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 b
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re
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al

id
 P

A
N

 I
D

, 
an

d 
at

te
m

pt
 t

o 
jo

in
 

to
 t
ha

t 
de

vi
ce

. I
f I

D
 =

 0
xF

FF
F,

 t
he

 r
ou

te
r 

w
ill

 a
tt

em
pt

 t
o 

jo
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 t
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 t
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 p
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 d
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 p
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 d
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Appendix G:  

 

PSoC® Designer™ Code for the WsEMG 

Electrode System 
 

 

  



PSoC C code  
 
// 
// Wireless Electrode Code for PSoC 
// 
// Written by Yuting Zhu 
// 
// 2013 
// 
 
//‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐ 
// C main line 
//‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐ 
 
#include <m8c.h>      // part specific constants and macros 
#include "PSoCAPI.h"  // PSoC API definitions for all User Modules 
#include "stdlib.h" 
#include "delay.h" 
#include "string.h" 
#pragma interrupt_handler timecount 
char *command; 
int ADC_Output; 
int *status; 
int *status1; 
int run; 
int INSAMPIN; 
int INSAMPOUT1; 
int INSAMPOUT2; 
int x=0; 
char start[] = "start"; 
char stop[] = "stop"; 
char F1000[] = "F1000"; 
char F900[] = "F900"; 
char F800[] = "F800"; 
char F700[] = "F700"; 
char F600[] = "F600"; 
char F500[] = "F500"; 
char PGA0_5[]="PGA0_5"; 
char PGA1[]="PGA1"; 
char PGA2[]="PGA2"; 
char PGA4[]="PGA4"; 
char PGA8[]="PGA8"; 
char PGA16[]="PGA16"; 
char PGA24[]="PGA24"; 
char PGA48[]="PGA48"; 
char INSAMP0_5[]="INSAMP0_5"; 
char INSAMP1[]="INSAMP1"; 
char INSAMP2_5[]="INSAMP2_5"; 
char INSAMP5[]="INSAMP5"; 
char INSAMP10[]="INSAMP10"; 
char INSAMP20[]="INSAMP20"; 
char INSAMP30[]="INSAMP30"; 
char INSAMP60[]="INSAMP60"; 
char INSAMP93[]="INSAMP93"; 
char S10[]="S10"; 
char S20[]="S20"; 
char S30[]="S30"; 



char S60[]="S60"; 
char S90[]="S90"; 
char S120[]="S120"; 
char S180[]="S180"; 
char S240[]="S240"; 
char S300[]="S300"; 
int time;  
 
void startpro(void) 
{ 
  INSAMP_Start(INSAMP_HIGHPOWER); 
  PGA_Start(PGA_HIGHPOWER); 
  LPF2_Start(LPF2_HIGHPOWER); 
  DelSig_Start(DelSig_HIGHPOWER); 
  DelSig_StartAD(); 
  Delay10msTimes(10); 
  Timer24_Start(); 
  Timer24_EnableInt(); 
} 
 
void stoppro(void) 
{ 
  INSAMP_Stop(); 
  PGA_Stop(); 
  LPF2_Stop(); 
  DelSig_Stop(); 
  DelSig_StopAD(); 
  Timer24_Stop(); 
} 
 
void initial(void) 
{ 
  run=0; 
  LPF2_SetC1(5); 
  LPF2_SetC2(5); 
  LPF2_SetC3(12); 
  LPF2_SetC4(26); 
  LPF2_SetCA(LPF2_FEEDBACK_32); 
  LPF2_SetCB(LPF2_FEEDBACK_32); 
  PGA_SetGain(PGA_G1_00); 
  INSAMP_Set2StageGain(INSAMP_INGAIN_1, INSAMP_OUTGAIN_1_00); 
  time=10; 
  stoppro(); 
} 
 
void main(void) 
{ 
  UART_CmdReset(); 
  UART_IntCntl(UART_ENABLE_RX_INT); 
  UART_Start(UART_PARITY_NONE); 
   
  // Uncomment this line to enable Global Interrupts 
  M8C_EnableGInt;     
 
  // Insert your main routine code here. 
  initial(); 
  while(1) 
  { 



    if(UART_bCmdCheck())              // Wait for command 
    { 
      if(command = UART_szGetParam()) // When the command is sent to uC 
      { 
        if(!strcmp(command,start)) 
        { 
          startpro(); 
          run=1; 
        }  
        else if(!strcmp(command,stop)) // command:  
        { 
          stoppro(); 
          run=0; 
        } 
        else if(!strcmp(command,F1000)) 
        { 
          LPF2_SetC1(5); 
          LPF2_SetC2(5); 
          LPF2_SetC3(12); 
          LPF2_SetC4(26); 
        } 
        else if(!strcmp(command,F900)) 
        { 
          LPF2_SetC1(4); 
          LPF2_SetC2(4); 
          LPF2_SetC3(13); 
          LPF2_SetC4(23); 
        } 
        else if(!strcmp(command,F800)) 
        { 
          LPF2_SetC1(4); 
          LPF2_SetC2(4); 
          LPF2_SetC3(11); 
          LPF2_SetC4(25); 
        } 
        else if(!strcmp(command,F700)) 
        { 
          LPF2_SetC1(4); 
          LPF2_SetC2(4); 
          LPF2_SetC3(9); 
          LPF2_SetC4(28); 
        } 
        else if(!strcmp(command,F600)) 
        { 
          LPF2_SetC1(2); 
          LPF2_SetC2(2); 
          LPF2_SetC3(14); 
          LPF2_SetC4(16); 
        } 
        else if(!strcmp(command,F500)) 
        { 
          LPF2_SetC1(3); 
          LPF2_SetC2(3); 
          LPF2_SetC3(7); 
          LPF2_SetC4(29); 
        } 
        else if(!strcmp(command,PGA0_5)) 
        { 



          PGA_SetGain(PGA_G0_50); 
        } 
        else if(!strcmp(command,PGA1)) 
        { 
          PGA_SetGain(PGA_G1_00); 
        } 
        else if(!strcmp(command,PGA2)) 
        { 
          PGA_SetGain(PGA_G2_00); 
        } 
        else if(!strcmp(command,PGA4))  
        { 
          PGA_SetGain(PGA_G4_00); 
        } 
        else if(!strcmp(command,PGA8)) 
        { 
          PGA_SetGain(PGA_G8_00); 
        } 
        else if(!strcmp(command,PGA16)) 
        { 
          PGA_SetGain(PGA_G16_0); 
        } 
        else if(!strcmp(command,PGA24)) 
        { 
          PGA_SetGain(PGA_G24_0); 
        } 
        else if(!strcmp(command,PGA48)) 
        { 
          PGA_SetGain(PGA_G48_0); 
        } 
        else if(!strcmp(command,INSAMP0_5)) 
        { 
          INSAMP_Set2StageGain(INSAMP_INGAIN_1,  
            INSAMP_OUTGAIN_0_50); 
        } 
        else if(!strcmp(command,INSAMP1)) 
        { 
          INSAMP_Set2StageGain(INSAMP_INGAIN_1,  
            INSAMP_OUTGAIN_1_00); 
        } 
        else if(!strcmp(command,INSAMP2_5)) 
        { 
          INSAMP_Set2StageGain(INSAMP_INGAIN_2,  
            INSAMP_OUTGAIN_1_25); 
        }else if(!strcmp(command,INSAMP5)) 
        { 
          INSAMP_Set2StageGain(INSAMP_INGAIN_4,  
            INSAMP_OUTGAIN_1_25); 
        }else if(!strcmp(command,INSAMP10)) 
        { 
          INSAMP_Set2StageGain(INSAMP_INGAIN_8,  
            INSAMP_OUTGAIN_1_25); 
        }else if(!strcmp(command,INSAMP20)) 
        { 
          INSAMP_Set2StageGain(INSAMP_INGAIN_16,  
            INSAMP_OUTGAIN_1_25); 
        }else if(!strcmp(command,INSAMP30)) 
        { 



          INSAMP_Set2StageGain(INSAMP_INGAIN_24,  
            INSAMP_OUTGAIN_1_25); 
        } 
        else if(!strcmp(command,INSAMP60)) 
        { 
          INSAMP_Set2StageGain(INSAMP_INGAIN_48,  
            INSAMP_OUTGAIN_1_25); 
        } 
        else if(!strcmp(command,INSAMP93)) 
        { 
          INSAMP_Set2StageGain(INSAMP_INGAIN_48,  
            INSAMP_OUTGAIN_1_94); 
        } 
        else if(!strcmp(command,S10))  
        { 
          time=10; 
        } 
        else if(!strcmp(command,S20)) 
        { 
          time=20; 
        } 
        else if(!strcmp(command,S30)) 
        { 
          time=30; 
        } 
        else if(!strcmp(command,S60)) 
        { 
          time=60; 
        } 
        else if(!strcmp(command,S90)) 
        { 
          time=90; 
        } 
        else if(!strcmp(command,S120)) 
        { 
          time=120; 
        } 
        else if(!strcmp(command,S180)) 
        { 
          time=180; 
        } 
        else if(!strcmp(command,S240)) 
        { 
          time=240; 
        } 
        else if(!strcmp(command,S300)) 
        { 
          time=300; 
        } 
      } 
      UART_CmdReset(); 
    } 
    if(run==1) 
    { 
      while(DelSig_fIsDataAvailable()== 0); 
      ADC_Output=DelSig_iGetDataClearFlag(); 
      UART_PutString(ftoa((float)ADC_Output,status)); 
      UART_CPutString(" ") 



    } 
  } 
} 
 
void timecount(void) 
{ 
  x++; 
  if(x==time) 
  { 
    stoppro(); 
    run=0; 
    x=0; 
  } 
  return; 
}  
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Appendix H:  

 

Circuit Diagram for the WsEMG Electrode 

Interface Node 
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Appendix I:  

 

Circuit Diagram for Lithium-ion Polymer 

Battery Charger 
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Appendix J:  

 

LabVIEW Block Diagram for Data Acquisition 
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Your ethics application is approved for a period of three years until 15 May 2015. 
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 A brief annual progress report using form EA2, which is available online through 
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To enable us to provide you with efficient service, we ask that you use the application number and study title 
in all written and verbal correspondence with us. Should you have any further enquiries regarding this 
matter, you are welcome to contact me by email at ethics@aut.ac.nz or by telephone on 921 9999 at 
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On behalf of AUTEC and myself, I wish you success with your research and look forward to reading about it 
in your reports. 
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Cc: Yuting Zhu yuting.zhu@aut.ac.nz 
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ti
ci

p
an

ts
 o

f 
p

ar
ti

cu
la

r 
cu

lt
u

re
s 

o
r 

so
ci

al
 g

ro
u

p
s?

 

P
le

as
e 
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fe

r 
to

 S
ec

tio
n 

2.
5 

of
 A

U
T

E
C

’s
 A

pp
ly

in
g 

fo
r 

E
th

ic
s 

A
pp

ro
va

l: 
G

ui
de

lin
es

 a
nd

 P
ro

ce
d

ur
es

 (
ac

ce
ss

ib
le

 i
n 

th
e 

E
th

ic
s 

K
no

w
le

dg
e 

B
as

e 
(h

ttp
://

w
w

w
.a

ut
.a

c.
n

z/
re

se
a

rc
h/

re
se

ar
ch

-e
th

ic
s/

et
hi

cs
) 

an
d 

to
 t

he
 r

el
ev

an
t 

F
re

qu
en

tly
 A

sk
ed

 Q
ue

st
io

ns
 s

ec
tio

n 
in

 
th

e 
E

th
ic

s 
K

no
w

le
dg

e 
B

as
e.

 

N
o 

B
.9

.1
. 

If
 ‘

Y
es

” 
p

le
as

e 
id

en
ti

fy
 w

h
ic

h
 c

u
lt

u
re

s 
o

r 
so

ci
al

 g
ro

u
p

s 
ar

e 
b

ei
n

g
 t

ar
g

et
ed

 a
n

d
 h

o
w

 
th

ei
r 

cu
lt

u
re

s 
o

r 
so

ci
al

 g
ro

u
p

s 
ar

e 
b

ei
n

g
 c

o
n

si
d

er
ed

 in
 t

h
e 

re
se

ar
ch

 d
es

ig
n

. 

 B
.9

.2
. 

If
 y

o
u

r 
an

sw
er

 t
o

 B
.9

 w
as

 ‘
Y

es
”,

 w
h

at
 c

o
n

su
lt

at
io

n
 h

as
 o

cc
u

rr
ed

 w
it

h
 t

h
es

e 
cu

lt
u

re
s 

o
r 

so
ci

al
 g

ro
u

p
s 

in
 t

h
e 

d
es

ig
n

 o
f 

th
e 

re
se

ar
ch

?
 

P
le

as
e 

id
en

tif
y 

th
e 

gr
o

up
(s

) 
w

ith
 w

ho
m

 c
on

su
lta

tio
n 

ha
s 

oc
cu

rr
e

d 
an

d
 p

ro
vi

de
 e

vi
de

nc
e 

of
 t

he
ir 

su
pp

or
t 

an
d 

an
y 

im
pa

ct
 th

is
 c

on
su

lta
tio

n 
ha

d 
on

 th
e 

de
si

gn
 o

f t
he

 r
es

ea
rc

h.
 

 

B
.1

0.
 

Is
 t

h
er

e 
a 

n
ee

d
 f

o
r 

tr
an

sl
at

io
n

 o
r 

in
te

rp
re

ti
n

g
?

 

If
 y

ou
r 

an
sw

er
 i

s 
‘Y

es
’, 

pl
ea

se
 p

ro
vi

de
 c

op
ie

s 
of

 a
ny

 t
ra

ns
la

tio
ns

 w
ith

 t
hi

s 
ap

pl
ic

at
io

n 
an

d 
an

y 
C

on
fid

en
tia

lit
y 

A
gr

ee
m

en
t 

re
qu

ire
d

 
fo

r 
tr

an
sl

at
or

s 
o

r 
in

te
rp

re
te

rs
. 

N
o 

 

 
 

 

 
 

 

C
. 

P
ro

je
ct

 D
et

ai
ls

 
P

le
as

e 
de

sc
rib

e 
th

e 
pr

oj
ec

t d
et

ai
ls

 in
 la

ng
ua

ge
 w

hi
ch

 is
, a

s 
fa

r 
as

 p
os

si
bl

e,
 fr

ee
 fr

o
m

 ja
rg

on
 a

nd
 c

o
m

pr
eh

en
si

bl
e 

to
 la

y 
pe

op
le

. 

C
.1

. 
A

im
 o

f 
p

ro
je

ct
: 

P
le

as
e 

ex
pl

ai
n 

th
e 

br
oa

d 
sc

op
e

 a
nd

 p
ur

po
se

 o
f 

th
e 

pr
oj

ec
t 

an
d 

st
at

e 
co

nc
is

el
y 

ho
w

 t
he

 t
yp

e 
of

 i
nf

or
m

at
io

n 
be

in
g 

so
ug

ht
 w

ill
 

ac
hi

ev
e 

th
e 

pr
oj

ec
t’s

 a
im

s.
 P

le
as

e 
gi

ve
 th

e 
sp

ec
ifi

c 
hy

po
th

es
is

(e
s)

, i
f a

ny
, t

o 
be

 te
st

ed
. 

T
o 

co
lle

ct
 s

ur
fa

ce
 e

le
ct

ro
m

yo
gr

ap
hy

 fr
om

 n
ew

ly
 d

ev
el

op
ed

 w
ire

le
ss

 e
le

ct
ro

de
s 

fr
om

 2
0 

su
bj

ec
ts

. 

T
hi

s 
pr

oj
ec

t 
is

 p
ar

t 
re

se
ar

ch
 t

ha
t 

en
ha

nc
es

 a
 f

ie
ld

 o
f 

re
se

ar
ch

 p
re

se
nt

ly
 b

ei
ng

 c
ar

rie
d 

ou
t 

at
 A

U
T

 
U

ni
ve

rs
ity

 t
ha

t 
ha

s 
a 

po
te

nt
ia

l 
fo

r 
fu

rt
he

r 
re

se
ar

ch
 i

n 
th

e 
fie

ld
 o

f 
su

rf
ac

e 
el

ec
tr

om
yo

gr
ap

hy
 (

E
M

G
) 

si
gn

al
s.

 

T
hi

s 
re

se
ar

ch
 i

s 
be

in
g 

do
ne

 i
n 

co
lla

bo
ra

tio
n 

w
ith

 t
he

 D
ep

ar
tm

en
t 

in
 S

po
rt

s 
an

d 
R

ec
re

at
io

n 
w

ith
in

 t
he

 
F

ac
ul

ty
 o

f 
H

ea
lth

 a
nd

 S
ch

oo
l o

f 
E

ng
in

ee
rin

g 
w

ith
in

 t
he

 F
ac

ul
ty

 o
f 

C
re

at
iv

e 
an

d 
D

es
ig

n 
T

ec
hn

ol
og

ie
s 

at
 

A
U

T
 U

ni
ve

rs
ity

 is
 th

e 
S

po
rt

s 
P

er
fo

rm
an

ce
 R

es
ea

rc
h 

In
st

itu
te

 N
ew

 Z
ea

la
nd

 (
S

P
R

IN
Z

).
 

C
.2

. 
W

h
y 

ar
e 

yo
u

 p
ro

p
o

si
n

g
 t

h
is

 r
es

ea
rc

h
?

 

(ie
 w

ha
t a

re
 it

s 
po

te
nt

ia
l b

en
ef

its
 to

 p
ar

tic
ip

an
ts

, r
e

se
ar

ch
er

, w
id

er
 c

om
m

u
ni

ty
, e

tc
?)

 

R
es

ea
rc

h 
be

ne
fit

s 
ar

e 
to

 e
st

ab
lis

h 
an

d 
m

or
e 

su
ita

bl
e 

m
or

e 
ac

cu
ra

te
 a

na
ly

si
s 

or
 t

ec
hn

iq
ue

 i
n 

de
te

ct
in

g 
m

us
cl

es
 a

ct
iv

ity
 f

or
 s

po
rt

s 
an

d 
re

cr
ea

tio
n 

ap
pl

ic
at

io
ns

. 
 T

hi
s 

w
ill

 w
id

en
 a

nd
 d

ev
el

op
 f

ut
ur

e 
re

se
ar

ch
 

op
po

rt
un

iti
es

 w
ith

in
 th

e 
P

er
fo

rm
an

ce
 R

es
ea

rc
h 

In
st

itu
te

 N
ew

 Z
ea

la
nd

 (
S

P
R

IN
Z

) 
at

 A
U

T
 U

ni
ve

rs
ity

. 

C
.3

. 
B

ac
kg

ro
u

n
d

: 

P
le

as
e 

pr
ov

id
e 

su
ffi

ci
en

t 
in

fo
rm

at
io

n,
 i

nc
lu

di
ng

 r
el

ev
an

t 
re

fe
re

nc
es

, 
to

 p
la

ce
 t

he
 p

ro
je

ct
 i

n 
pe

rs
pe

ct
iv

e 
an

d 
to

 a
llo

w
 t

he
 p

ro
je

ct
's

 
si

gn
ifi

ca
nc

e 
to

 b
e 

as
se

ss
ed

. 
W

he
re

 a
p

pr
op

ri
at

e,
 p

ro
vi

de
 o

ne
 o

r 
tw

o 
re

fe
re

nc
es

 t
o

 t
he

 a
p

pl
ic

an
t's

 (
or

 s
up

er
vi

so
r's

) 
ow

n 
pu

bl
is

he
d

 
w

or
k 

in
 th

e 
re

le
va

nt
 fi

el
d.

 

E
le

ct
ro

m
yo

gr
ap

hy
 (

E
M

G
) 

re
se

ar
ch

 i
s 

ba
se

d 
on

 m
ea

su
rin

g 
an

d 
st

ud
yi

ng
 t

he
 e

le
ct

ric
al

 a
ct

iv
ity

 t
ha

t 
is

 
pr

od
uc

ed
 b

y 
sk

el
et

al
 m

us
cl

es
 o

f 
in

te
re

st
 d

ur
in

g 
m

ov
em

en
t 

or
 m

us
cl

e 
co

nt
ra

ct
io

n 
[1

]. 
 T

he
 s

tu
dy

 o
f 

E
M

G
 

sh
ow

s 
th

at
 m

us
cl

es
 a

re
 e

le
ct

ric
al

ly
 s

ile
nt

 a
t 

re
st

 [
1-

4]
. 

H
ow

ev
er

, 
w

he
n 

th
e 

m
us

cl
e 

is
 a

ct
iv

e 
du

rin
g 

co
nt

ra
ct

io
n,

 i
t 

pr
od

uc
es

 f
or

ce
 t

ha
t 

ca
us

es
 a

n 
el

ec
tr

ic
al

 c
ur

re
nt

 t
o 

ge
ne

ra
te

 m
ic

ro
vo

lt 
le

ve
l 

el
ec

tr
ic

al
 

si
gn

al
s 

[1
-4

]. 
T

he
se

 s
ig

na
ls

 c
an

 b
e 

m
ea

su
re

d 
at

 t
he

 s
ur

fa
ce

 o
f 

th
e 

bo
dy

. 
T

he
re

 a
re

 t
w

o 
m

et
ho

ds
 k

no
w

n 
fo

r 
co

lle
ct

in
g 

E
M

G
 s

ig
na

ls
. 

O
ne

 m
et

ho
d 

is
 b

y 
pe

ne
tr

at
in

g 
in

to
 t

he
 m

us
cl

e 
us

in
g 

ne
ed

le
 s

en
so

rs
 o

r 
el

ec
tr

od
es

. 
T

hi
s 

is
 c

al
le

d 
ne

ed
le

 E
M

G
 a

nd
 is

 r
ef

er
re

d 
as

 a
n 

in
va

si
ve

 t
ec

hn
iq

ue
 [

1,
 5

]. 
T

he
 o

th
er

 m
et

ho
d 

is
 b

y 
pl

ac
in

g 
th

e 
se

ns
or

y 
el

ec
tr

od
es

 o
n 

th
e 

su
rf

ac
e 

of
 t

he
 s

ki
n 

w
ith

ou
t 

pe
ne

tr
at

in
g 

it.
 T

hi
s 

te
ch

ni
qu

e 
is

 
ca

lle
d 

S
ur

fa
ce

 E
le

ct
ro

m
yo

gr
ap

hy
 (

sE
M

G
) 

an
d 

is
 a

 n
on

-in
va

si
ve

 te
ch

ni
qu

e 
[1

, 5
-7

]. 

T
ra

di
tio

na
lly

 s
E

M
G

 d
at

a 
co

lle
ct

io
n 

sy
st

em
s 

em
pl

oy
 s

ki
n 

m
ou

nt
ed

 s
en

so
rs

 t
ha

t 
tr

an
sm

it 
da

ta
 t

o 
th

e
 

co
m

pu
te

r 
vi

a 
a 

ca
bl

e 
w

hi
ch

 a
ls

o 
su

pp
lie

s 
po

w
er

 t
he

 s
en

so
rs

 e
le

ct
ro

ni
c 

co
m

po
ne

nt
s 

[6
, 

8]
. 

A
 t

yp
ic

a
l 

sE
M

G
 a

na
ly

si
s 

re
qu

ire
s 

m
ul

tip
le

 s
en

so
rs

 w
ith

 e
ac

h 
re

pr
es

en
tin

g 
a 

un
iq

ue
 d

at
a 

ch
an

ne
l p

os
iti

on
 o

n 
th

e 
su

bj
ec

t’s
 b

od
y 

[6
, 

8]
. 

A
s 

th
e 

nu
m

be
r 

of
 s

en
so

rs
 in

cr
ea

se
s,

 t
he

 s
ub

je
ct

’s
 f

re
ed

om
 o

f 
m

ob
ili

ty
 d

ec
re

as
es

 
du

e 
to

 t
he

 le
ng

th
y 

ca
bl

es
 li

nk
ed

 t
o 

ea
ch

 s
en

so
r.

 A
 p

ur
po

se
 w

ire
le

ss
 s

en
so

r 
sy

st
em

 t
o 

be
 d

ev
el

op
ed

 f
or

 
th

is
 r

es
ea

rc
h 

us
in

g 
Z

ig
B

ee
 t

ec
hn

ol
og

y 
w

ou
ld

 o
ffe

r 
an

 a
ttr

ac
tiv

e 
al

te
rn

at
iv

e 
to

 t
ra

di
tio

na
lly

 w
ire

d 
sE

M
G

 
se

ns
or

s 
an

d 
so

 th
e 

su
bj

ec
t’s

 m
ob

ili
ty

 w
ou

ld
 b

e 
le

ss
 c

om
pr

om
is

ed
 w

he
n 

co
lle

ct
in

g 
da

ta
. 

W
ire

le
ss

 s
en

so
rs

 a
re

 b
ei

ng
 u

se
d 

in
cr

ea
si

ng
 in

 t
he

 a
ut

om
ot

iv
e 

in
du

st
ry

, 
ag

ric
ul

tu
ra

l, 
in

du
st

ria
l m

on
ito

rin
g 

an
d 

m
an

y 
ot

he
r 

ar
ea

s.
 T

hi
s 

te
ch

no
lo

gy
 p

ro
vi

de
s 

no
 c

on
ne

ct
or

s,
 s

af
e/

fle
xi

bl
e 

co
nn

ec
tiv

ity
, 

im
pr

ov
es

 
re

so
ur

ce
 s

ha
rin

g,
 e

as
y 

in
st

al
la

tio
n 

an
d 

m
ob

ili
ty

 [
9-

11
]. 

T
he

 o
th

er
 a

dv
an

ta
ge

 i
s 

th
e 

sy
st

em
 u

se
s 

lo
w

 
po

w
er

 le
ve

ls
, 

th
us

 it
 c

an
 la

st
 f

or
 a

 lo
ng

er
 p

er
io

d 
of

 t
im

e 
[9

-1
1]

. 
T

w
o 

m
aj

or
 p

ro
to

co
ls

 a
re

 u
se

d 
in

 w
ire

le
ss

 
ne

tw
or

ki
ng

, I
E

E
 8

02
.1

5.
4 

an
d 

Z
ig

B
ee

 s
ta

ck
. 

T
he

 Z
ig

B
ee

 s
ta

ck
 s

its
 o

n 
to

p 
of

 I
E

E
E

 8
02

.1
5.

4 
st

an
da

rd
 m

ed
iu

m
 a

cc
es

s 
co

nt
ro

l 
an

d 
ph

ys
ic

al
 l

ay
er

s.
 

B
ot

h 
la

ye
rs

 d
ef

in
e 

th
e 

R
F

 a
nd

 c
om

m
un

ic
at

io
n 

co
m

po
ne

nt
s 

be
tw

ee
n 

ot
he

r 
de

vi
ce

s.
 T

he
 Z

ig
B

ee
 s

ta
ck

 
co

nt
ai

ns
 th

e 
ne

tw
or

k 
la

ye
r,

 a
n 

ap
pl

ic
at

io
n 

la
ye

r 
an

d 
se

cu
rit

y 
se

rv
ic

e 
pr

ov
id

er
  [

9-
11

]. 

 
 

 
 

 

 
 

 

C
.4

. 
P

ro
ce

d
u

re
: 

C
.4

.1
. 

E
xp

la
in

 
th

e 
p

h
ilo

so
p

h
ic

al
 

an
d

/o
r 

m
et

h
o

d
o

lo
g

ic
al

 
ap

p
ro

ac
h

 
ta

ke
n

 
to

 
o

b
ta

in
in

g
 

in
fo

rm
at

io
n

 a
n

d
/o

r 
te

st
in

g
 t

h
e 

h
yp

o
th

es
is

(e
s)

. 

P
ro

ce
d

u
re

s 

W
he

n 
po

te
nt

ia
l p

ar
tic

ip
an

ts
 m

ak
e 

co
nt

ac
t 

w
ith

 t
he

 r
es

ea
rc

he
r 

th
ey

 w
ill

 b
e 

sc
re

en
ed

 f
or

 in
cl

us
io

n 
an

d 
ex

cl
us

io
n 

cr
ite

ria
. 

 I
f 

ap
pr

op
ria

te
 t

o 
pa

rt
ic

ip
at

e 
in

 t
he

 s
tu

dy
, 

th
ey

 w
ill

 r
ec

ei
ve

 a
 v

er
ba

l 
ex

pl
an

at
io

n 
of

 
w

ha
t 

is
 i

nv
ol

ve
d.

  
P

rio
r 

to
 a

ss
es

sm
en

t, 
pr

oc
ed

ur
es

 w
ill

 b
e 

ex
pl

ai
ne

d 
to

 t
he

 p
ar

tic
ip

an
t 

an
d 

tim
e 

w
ill

 
be

 g
iv

en
 f

or
 t

he
 p

ar
tic

ip
an

t 
to

 h
av

e 
an

y 
re

m
ai

ni
ng

 q
ue

st
io

ns
 a

ns
w

er
ed

 b
ef

or
e 

w
rit

te
n 

co
ns

en
t 

is
 

ob
ta

in
ed

. 

C
.4

.2
. 

S
ta

te
 in

 p
ra

ct
ic

al
 t

er
m

s 
w

h
at

 r
es

ea
rc

h
 p

ro
ce

d
u

re
s 

o
r 

m
et

h
o

d
s 

w
ill

 b
e 

u
se

d
. 

M
ax

im
al

 s
tr

en
g

th
 t

es
t:

 

P
ar

tic
ip

an
ts

 w
ill

 p
er

fo
rm

 a
 f

iv
e-

m
in

ut
e 

ge
ne

ra
lis

ed
 w

ar
m

 u
p 

th
at

 w
ill

 in
cl

ud
e 

rid
in

g 
an

 e
xe

r-
cy

cl
e 

at
 a

 
se

lf 
se

le
ct

ed
 p

ac
e 

an
d 

pe
rf

or
m

in
g 

ra
ng

e 
of

 m
ot

io
n 

ex
er

ci
se

s 
fo

r 
th

e 
lo

w
er

 l
im

bs
. 

 A
fte

r 
th

e 
ge

ne
ra

l 
w

ar
m

-u
p 

is
 c

om
pl

et
ed

, 
pa

rt
ic

ip
an

ts
 w

ill
 b

e 
se

at
ed

 i
n 

th
e 

up
rig

ht
 c

ha
ir 

of
 t

he
 H

U
M

A
C

®
/N

O
R

M
™

 
T

es
tin

g 
an

d 
R

eh
ab

ili
ta

tio
n 

S
ys

te
m

 (
C

om
pu

te
r 

S
po

rt
s 

M
ed

ic
in

e,
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