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Figure 5.16: Experimental setup of the bench top testing for the non-contact electrode module,
showing the signal generator and power source.

The output signal from the electrode bias was read by the Teensy 3.2 through one of the
analog-compatible pins. The other Teensy 16-bit analog channel read the value from the signal
generator such that the two readings could be compared later. A program was run on the Teensy
that sampled these two channels at 1 kHz for 30 seconds and read them to the serial monitor on
the PC. This data were then saved as a .csv file for further processing.

Trials were conducted using each of the twelve configuration using both an input of a DC signal
of 3.3 V and a 1 V peak-to-peak sine wave, centered around 1 V with a frequency of 500 Hz. Both

the AC and DC trials for each configuration were conducted 10 times.

5.6.3.2 Results

The data collected as .csv files were processed and analyzed using MathWorks’ MATLAB. Each
data set contained a channel of data directly reflecting the applied signal, as a reference, and the
signal picked up by the electrode.

In order to track the signal’s accuracy, the distance was calculated between the electrode
module and the measured voltages from the signal generator. As the module was expected to
output unity gain, any deviation away from the generated value was considered to be an error.
For the DC signal, the Euclidean distance between the input and output point was calculated and
the mean value of the difference was considered to be the error.

Similarly, the expected baseline of the AC input trials was known. The amount of noise
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measured within the breadboard itself was removed from the signal stream. Then, dynamic time
warping (DTW) was applied to the input-—output signal pair prior to calculating the Euclidean
distance between the pairs. Due to the inexact manner in which the signal was input to the
electrode, it was likely that the signal reaching it became slightly out of phase and needed to be
corrected. Finally, the mean of the Euclidean distance between each point was calculated to find
the error. As each test was conducted ten times, the mean and standard deviation of each test

was noted in Table 5.4.

Table 5.4: Descriptive statistics of the bench top testing results.

Configuration DC Results (mV) AC Results (mV)
Mea.n Standard Mea.n Standard

Tracking L. Tracking L.
Deviation Deviation

Error Error

No bias, no feedback 0.19996 0.10256 0.19746 0.10614
No bias, basic feedback 0.00228 0.00623 0.21069 0.10011
No bias, capacitive feedback 0.10272 0.09044 0.14961 0.06765
Resistor bias, no feedback 0.31508 0.04123 0.37295 0.06072
Resistor bias, basic feedback 0.00010  4.43459E-05 0.08784 0.00207
Resistor bias, capacitive feedback 0.02410 0.01794 0.14416 0.10403
Reverse diode bias, no feedback 0.32840 0.03625 0.34165 0.07373
Reverse diode bias, basic feedback 0.0008 0.00206 0.16695 0.12859
Reverse diode bias, capacitive feedback 0.10919 0.11442 0.19713 0.14122
Dual diode + resistor bias, no feedback 0.29681 0.03386 0.29495 0.09024
Dual diode + resistor bias, basic feedback 0.00098 0.00134 0.20585 0.14478
Dual diode + resistor bias, capacitive feedback 0.019997 0.02743 0.15730 0.11905

It was determined that most of the configurations did not track the signal as accurately as
desired. This is likely due to issues receiving the input through the conductive material, the
surrounding air, and other disturbances (i.e., power line interference). While the electrode itself
contains shielding, the wires that administer the signal and output it to the microcontroller are
unshielded; this likely results in the presence of radio frequency interference (RFI) and electro-
magnetic interference (EMI) surrounding noise from the power supply, PC, cellular phones, and
AC power lines.

Two different types of diode-based biasing configurations were tested: a single reverse-current
diode and two back-to-back diodes with a resistor load. Chi et al. selected the theoretically more

noisy configuration although the other one had been used earlier [80] [91]. The two were tested
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and directly compared to determine which would provide better signal tracking.

The data reported from the repeated measure study with two factors was input into The
Statistical Package for the Social Sciences, IBM. Here, the main effects and the interaction between
the factors were analyzed using the Bonferroni adjustment. It was determined that the effects
of changing the feedback type were significant, which yielded a p value of 1.9 e-7 (<< 0.001);
conversely, the p value of the bias was 0.8 and thus insignificant. These values were identical for
tests of both the AC and DC datasets. Tables 5.6 and 5.5 show the isolated descriptive statistics
for both the bias (Table 5.5) and the feedback (Table 5.6). As well, it was found that there is clear
interaction between the bias and feedback levels; however, they do not appear to be significant

due to the variations between trials.

Table 5.5: Descriptive statistics of the bias effects on bench-top testing

95% Confidence Interval

Bias Mean Std. Error
Lower Bound Upper Bound
No bias 0.102 0.015 0.068 0.135
Matched resistor bias 0.113 0.005 0.101 0.125
Reverse diode bias 0.146 0.012 0.119 0.174
Dual diode + resistor  0.106 0.005 0.096 0.116

Table 5.6: Descriptive statistics of the feedback effects on bench-top testing

95% Confidence Interval

Bias Mean Std. Error
Lower Bound Upper Bound
No feedback 0.285 0.014 0.254 0.316
Basic feedback 0.001 0.000 -5.356E-5 0.002
Capacitive feedback  0.064 0.012 0.037 0.091

From the feedback results shown in Table 5.6, it is evident that the use of basic bootstrap-
ping with all types of bias configurations preformed best; conversely, capacitive feedback of all
bias configurations performed poorly. It can be determined from the interaction results that the
matched resistor bias and basic feedback configuration preformed best, followed by the dual-diode
bias and basic feedback. The worst preforming combinations were the matched resistor bias with
no feedback and the reverse diode bias with no feedback. Still, there is little statistical significance

to these specifics. While some information was gained through the bench top testing, its efficacy
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is limited due to the unknown and inconsistent nature of the signal in real applications.

5.6.4 An attempt at on-arm testing

Though the bench-top test allowed one to observe the effects of various circuit configurations on the
AFE in a known environment, further testing was conducted to understand the module’s operation
in more realistic conditions. Prior to conducting a proper experimental protocol, an attempt was
made at observing a signal through the module while on-arm.

In order to evaluate the efficacy of the electrode and perform the desired signal processing, a
reference electrode was required. An Ambu Blu gelled contact electrode was placed only the bony
portion of the elbow. In order to allow the signal to be read without the use of an additional EMG
collection system, a wire was soldered to the electrode’s snap. The wire was then wrapped with
3M copper tape to shield the signal from RFI noise in the surrounding area.

Unlike the bench top testing, the signal applied to the electrode cannot be controlled. For the
bench top test, the AC sine wave was centered around 1 V since the ADC on the Teensy 3.2 is
unable to measure negative voltages; here, negative voltages were unavoidable and a new system
was required. Data was collected using National Instrument’s NI DAQ N19205 connected to a
PC through a microUSB cable. The data was recorded through a basic visual interface using NI's
LabView 2017. A DAQ assistant block was used to collect data from two channels each set at a
sampling rate of 1 kHz, which is the Nyquist frequency of EMG signals. One channel is set to read
from the electrode’s output and the other from the gelled reference electrode. The representative
voltages and the timestamps are saved as an excel file for further processing.

Through a quick trial, it was determined that the electrode module with a unity gain was
unable to detect changes in muscle activities with this set up; however, the elbow flexion—extension
activity was observable through the a Rigol DS1052E digital oscilloscope. In order to complete
testing, a Bourns W202 potentiometer was added in parallel to the 10 M(2 resistor between pins 1
and 16 on the INA116. The potentiometer’s resistance ranges from 0 to 2000 £2; so, assuming the
average EMG signal has an amplitude of 10 mV, this would allow the minimum voltage output to
be 260 mV. Ideally, the rheostat was set to 500 €) to center the voltage between 100 mV and 1 V.
The gain was made to be approximately 100, which should have allowed the signal to be observed
on the scope of the LabView program; however, no signal could be seen as it was overtaken by

noise.
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The assumption was made that the environmental noise was too large and that the shielding
techniques were not executed correctly. This iteration of the module was set aside and a new one

was designed.

5.7 A Proposed Module Design

Based upon the results of the benchtop testing and failures of the previous iterations, a final design
was proposed. The remainder of this chapter will describe the design process of these modules,
including the electrode structure, amplifier topology, the bias network, and the bootstrapped

feedback. The final design, shown in Figure 5.17 is expected to be implemented in future works.
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Figure 5.17: Schematic of the proposed electrode and AFE module design. (A) High-level
schematic (B) Schematic including the selected bias—feedback network and high pass
filter.

In Figure 5.17, image (A) shows a simplified version of the proposed design, described in Section
5.7.1. The circuit components in image (B) are described in Section 5.7.2, including the component

descriptions in Table 5.7.

5.7.1 Topology and physical characteristic

The design is based upon the differential input topology of the INA116 instrumentation amplifier,
where the sensing plate acts as the positive input terminal and the external shield acts as the

negative input terminal. The internal guards on the IC for each input are tied together; as well, the
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positive input’s guards would be attached to the shield of a coaxial cable to provide an additional
on-board guarding mechanism for the biosignal before entering the amplifier. The signal wire of
the coaxial cable would be soldered to a hole through the signal layer of the PCB through to the
sensing plate underneath the module. A thin insulating substrate would separate the signal and
ground layers from the sensing plate, formed from 3M’s copper tape.

One of the major sources of error of the previous iterations is the lack of proper insulation
surrounding the electrode and analog front end structure, to rectify this, a casing would be printed
from Stratysys’ Tango material using the Objet Innovator 3-D printer. This material is rubber-
like in texture, such that the electrode casing could form to the curvature of human body and
limit mechanical disturbances due to its ability to grip to the skin. As the relative permittivity
of the Tango material is approximately 2.8161 [107] and the expected size of the electrode is
approximately 6.5 cm?, the resultant capacitance at the interface would be dictated by Equation
5.2 and should be at minimum 150 pf, in accordance with Taheri et al. [106]. In order to meet this
criterion, the thickness of bottom of the insulating case should be at least 0.54469 mm thick.

The interior of the insulating case, with exception of the floor, is covered with Bare Conductive’s
Conductive Paint to act as an external shield. The inverting input of the amplifier would be wired
to an external shield surrounding the module to create an active shielded differential input. The
amplifier’s output is wired through a hole in the lid of the case and attached to a snap for simple

use with existing EMG acquisition technologies.

5.7.2 Bias and feedback selection

The bias an feedback networks chosen for the proposed designs were shown visually in Figure
5.17 (B) and the corresponding components are listed in Table 5.7. The remainder of this section
provides rationale for these part selections.

As the impact of introducing positive feedback to the amplifier was found to be significant
through the statistical analysis of the bench-top testing in Table 5.6, it was incorporated into the
proposed design. However, the type of feedback included, a capacitive bootstrap, was shown to
perform most poorly. This is likely attributed to improperly chosen components, resulting in the
wrong ratio in the network, and the lack of insulation surrounding Iteration 2 of the electrode
module. As well, this type of bootstrap feedback has been successfully used in high-impedance

bio-amplifiers for nearly forty years; in fact, many of the selected components have been modeled
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Component in Fig. 5.17 Value / Part

D1, D2 CMDD6001CT
Rp 1 MQ
Cy 1 uF
Chp 10 pF
Ry 160 kQ
Amplifier INA116

Table 5.7: Circuit components of the proposed electrode design

based on the feedback network presented by Pallas-Areny [104] and Thakor and Webster [105].

The anti-parallel bias configuration was chosen for the proposed bioamplifier based on the
data in Table 5.5, the descriptive statistics found from the bench-top testing of the second AFE
iteration. It was found to result in the smallest error value when taking into account both the mean
and standard deviation of error. During the bench-top test, standard signal diodes were used. The
use of carefully selected components would further improve the impact on the bias network; in
the proposed design, two CMDD6001CT diodes were placed in the anti-parallel configuration. As
these diodes are intended to operate in their reverse region for this application, their low reverse-
leakage current of 500 pA at 75 V would result in the desired high impedance value. As well, the
selected diode has a quick switching time of 3 us, preventing a slow operation and recovery time
in EMG signal artefacts. The diode noise contribution is smaller than the proposed resistor value,
4.02259 pVips for 1 MQ.

A first order passive high pass filter with a cut off frequency of 1 Hz was placed at the amplifier’s

output, eliminating noise content below the expected range for EMG signals.

5.8 Conclusion and future works

The goals of this chapter were not met; however, progress was made towards the design and
development of a capacitive electrode to be used in conjunction with the biosignal acquisition
sleeve. The over-arching conclusion of this chapter would be the impact of environmental noises
on an amplifier’s output, particularly with respect to the much smaller amplitudes of physiological
signals. The partial literature review addressed these noise sources, the review of existing works
described methods to mitigate such noises, and the electrode design process was largely focused

on the noise arising at the dielectric interface. Techniques required for high-precision sensing
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were studied, but not necessarily applied correctly, leading to the ultimate lack of success for this
component of the project. The study of the impact of AFE topologies, bias, and feedback networks,
such as the bench-top testing performed on Iteration 2 of the module, are a step towards better
understanding of high-precision and low noise circuit applications. A final design was proposed
in Section 5.7 that focused more heavily on the characteristics of the dielectric interface, on-
board guarding, external shielding, additional literature, and the results of the bench-top testing.
Future work includes its characterization, which can be tested through use of modules within the
biosignal acquisition sleeve, including the ADS2192R and its driven right leg functionality to create

a common mode reference signal.



Chapter 6

Conclusions and Future Works

6.1 Conclusions

The work presented in this thesis aimed to progress towards the development of a system to address
lack of adherence to at-home physical therapy regimens for upper limb MSD patients. Initially, a
literature review was conducted to examine exoskeletons and monitoring systems that tracked at
least two of the following gross motions associated with the upper limb: elbow flexion—extension,
forearm pronation—supination, wrist flexion—extension, and ulnar-radial deviation. Through this
search, it was determined that few systems were suitable for use outside of a laboratory environ-
ment. The systems were typically tethered, cumbersome and not self-contained. As well, existing
work has mostly relied on unimodal sensor input, which would limit the ability to fully characterize
the motion profile data obtained from the system.

In order to address the underlying need for a more accessible way for medical professionals
and patients to track MSD therapy regimens, the following system components were proposed and

designed:
e a biosignal acquisition sleeve,
e an algorithm that uses EMG data to determine upper limb gross motion repetitions, and
e a proposed compatible non-geled EMG acquisition module.

The biosignal acquisition sleeve was designed as a self-contained platform to acquire both

physiological and biomechanical sensor data from either a healthy subject or a patient suffering
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from an upper limb MSD. It is adjustable to users of various sizes, unobtrusive, and simple to don
and operate. The sensor peripherals incorporated in the sleeve are modular, such that they can
be removed, adjusted, or replaced as needed. The piloted sleeve has been configured to collect
biomechanical data using four inertial measurement units located proximal and distal to the elbow
and wrist, two flex-bend piezo-resistive sensors located across the elbow and wrist, and two channels
of EMG acquisition sensors and a driven right leg reference. A visualized tool was developed using
Mathworks’ MATLAB to visualize and process the data in a simple, intuitive manner to the user.

To track basic adherence to physical therapy regimens, existing algorithms were modified to
count repetitions of EFE, FPS, WFE, and URD motions. The algorithm was implemented using
MathWorks’ MATLAB and validated using an existing database of 23 patients, which collected six
channels of EMG data from each subject. The subjects ranged from healthy individuals to those
who began treatment for an MSD 1-2 months prior to data collection. The repetition algorithm
was then modified for use with the biosignal acquisition sleeve, capable of identifying onset—offset
points of the same gross patients. This version was piloted on fifteen datasets collected amongst
three healthy users.

Finally, a non-contact EMG acquisition module design was proposed to be embedded within
the sleeve to be used in conjunction with the other two components. This would allow the system
to collect the necessary data for the complete motion profile and the repetition detection algorithm
in a modular and less obtrusive fashion than through the use of standard gelled electrodes. Another
literature review was completed to inform the basis of the module’s design; here, the following topics
were analyzed: the nature of EMG signals, the electrode—skin interface, potential noise sources,
and existing gelled, dry, and non-contact EMG acquisition methods. While three iterations of the
module were designed, assembled, and tested unsuccessfully on-arm, a two-pronged approach to
the design of a bioamplifier and a layered electrode structure was proposed to optimize the sensor,
such that it would be capable of obtaining low-noise biosignals from the upper limb.

These three components of the work presented further the goal of developing a wearable device
to monitor biosignals relating to the physical therapy regimen of an upper limb MSD. The compo-
nents present the system’s overarching framework through the sleeve hub, EMG sensor, and basic
processing; however, significant groundwork has been laid for more elaborate sleeve electronics,
extension of the EMG acquisition module to incorporate more nodes, and additional processing to

provide further characterization of data collected from the biosignal acquisition sleeve.
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6.2 Contributions

This work aimed to fill the gaps in existing systems in order to reduce barriers to adherence to
upper limb MSD physical therapy regimens. The following contributions in this thesis towards

this goal were:

1. Design of the electronic system to be used within the biosignal acquisition sleeve. Board
schematics and PCB layouts for the proposed circuitry were completed using OrCad’s EA-

GLE software following the selection of components. The designs proposed were as follows:

(a) A microprocessor board, acting as a central hub for the peripherals;

(b) An ADC board, containing a medical-grade IC to digitize acquired EMG signals with
patient protection and ESD circuitry, provide a driven right-leg reference and sense

temperature; and,

(¢) A power management board, containing a battery charging IC with battery protection
circuitry, a rechargeable Li-ion battery, a regulator to provide a 3.3 V digital power

supply, and a regulator to provide a split-rail +/- 5 V analog power supply.

2. Design and implementation of the first prototype of the ambulatory biosignal acquisition
sleeve. The sleeve design allows the size and sensor site placement to be adjusted to the
individual. The peripherals are incorporated in a modular fashion, such that they can be
removed or interchanged within the system. In the pilot, data were collected and validated
from four inertial measurement units, one flex-bend sensor, and two channels of EMG signal
acquisition. The multi-modal sensor data were presented in an intuitive, visually pleasing
manner and were able to provide meaningful metrics to MSD recovery, such as range of

motion and muscle activity.

3. An EMG onset—offset detection algorithm was adapted for the purpose of detecting repe-
titions of the following gross motions of the upper limb: elbow flexion—extension, forearm
pronation—supination, wrist flexion—extension, and radial-ulnar deviation. The onset and
offset points were determined through each motion’s muscles of interest and consequent
adaptive sensitivity in threshold detection. The algorithm was tested and validated using

an existing database consisting of 23 subjects, ranging from healthy to 1-2 months after
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seeking treatment for MSD of the upper limb. The overall success rate was 95.43%. With
modifications to limit the activity’s search window, the algorithm was able to perform with a
93.33% success rate with data collected using the low-cost, ambulatory biosignal acquisition

sleeve.

4. Proposal of a non-obtrusive EMG sensing module to be embedded within the biosignal
acquisition sleeve. The design was based on principles existing within the literature; however,
most papers focused on the ECG or EEG measurement where the signal is less erratic and
contained within a smaller frequency range. The work within this thesis adapts the filtration
and amplification parameters for the desired signal type. The proposed electrode’s physical
structure uses a unique set of available materials to re-create layers for sensing, guarding,

insulation, and creating a driven shield that attaches to the analog front end PCB.

6.3 Future Work

While this work focuses on initial prototypes and proofs of concepts to illustrate the structure of
the overall system, many of the individual components were proposed but not implemented due to
lack of time, resources, and expertise. Implementation of these designs and further development
would improve the system’s ease-of-use, size, and comfort. Some of these modifications are as

follows:

e The proposed biosignal acquisition sleeve’s integrative board designs, shown in Section 77,
should be verified and fabricated. The microcontroller and peripheral ADC and power man-
agement boards should be programmed to acquire and save data from the sleeve in a manner
similar to the existing prototype. As these board designs are smaller and less bulky than
the current versions’ components, the sleeve will be less bulky, more visually appealing, and
more robust. Collection code for additional common sensing modules could be included to
eliminate the need for the user to manually make these changes when taking advantage of

the design’s modularity.

e The data visualization application could be improved upon to increase functionality. The
application should include the ability to allow the user to input custom functions, such that

the user would be able to process the data to their specification. As well, the application
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could be extended to include: regimen instruction information, the user’s fulfillment of the
regimen, the ability to track motion metrics over time, and the ability to export or share

session information with a third party.

e The proposed dry electrode design presented in Section 5.7 should be fabricated, assembled,
and tested. A comparative study, similar to the bench top testing performed on the earlier
module iteration in Section 5.6.3, should be performed on-arm to determine the optimal low-
noise, high input-impedance front end design. The electrode should be characterized and
integrated into the biosignal acquisition sleeve through either the MyoWare or ADS1292R
modules. This would provide an alternative solution to the gelled electrodes used in the

initial prototype, improving comfort and ease of use.

e The EMG based repetition detection algorithm should be tested using data collected from the
biosignal acquisition sleeve with the non-contact electrode and analog front end design, once

implemented. This would further validate its efficacy with data from a variety of systems.

e A future prototype of the sleeve should be piloted on subjects in recovery from upper-
limb MSDs. These individuals would be asked to provide feedback to gage the qualitative
requirements of the acquisition sleeve, outlined in Section 3.2. This would allow the researcher
to determine if the system is appealing to patients and if it successfully addresses some of
the barriers associated with adherence to a prescribed physiotherapy regimen. Their input

could be used to inform further requirements for a future version.

Though there is a significant amount of work involved in the implementation of the next
prototype, the initial aims of this thesis, described in Section 1.2.1, were met. A prototype was
presented of an effective, resource-conscious tool for multi-modality tracking of human upper limb
motion. The biosignal acquisition sleeve was able to provide quantitative motion feedback to the
user and detect the onset—offset points of motion repetitions. Continued work based upon the
foundations laid in this thesis could produce a system that is more stream-lined, comfortable,
and with increased feedback capabilities. With this further direction, the system could aim to be

incorporated into remote physical rehabilitation regimens for upper limb MSDs.
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Appendix A

Appendix A: Iterations of sleeve
electronic designs and electrode

modules

A.1 Integrated systems board design

Initially, the main electronics component was designed as a singular board. The consequent

schematic and board design are presented in Figures A.1 and A.2:

MCU

Integrated Sleeve
electronics design

Figure A.1: Schematic of the integrated sleeve’s main PCB

However, it was proven to be impractical to have this board fabricated. The design was large

156
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RO U ¢

Figure A.2: Board layout of the integrated sleeve’s PCB

and would have been cumbersome to attach to the sleeve itself. As well, particular portions of
the board used 1Cs with many small pads and connections. These required extremely thin trace
widths and hole sizes that either exceeded the capabilities of the manufacturing houses or scaled

in price, based on board size, as the width and drill sizes were reduced.

A.2 Power management board design

This section contains the initial design of the power management board. The schematic and board

layout, created in OrCad’s EAGLE 7.6.0 is displayed in Figures A.3 and A.4 below.
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Figure A.3: Schematic diagram of the first iteration of power management circuitry
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Figure A.4: Board layout of the first iteration of power management circuitry

To charge the battery, the BQ29702’s output is connected to the designated terminal of Texas
Instrument’s BQ25121 IC. This chip has been designed specifically for power management of
wearable and IoT applications; it contains a linear charger, regulated output, a load switch, and
a buck converter with a low quiescent current to reduce the voltage from a 5V input. Such a
power supply is introduced into the circuit via a mini-USB socket. The buck converter’s output,
as well as many of the chip’s other features, are programmable via the MCU through its 12C
channel. Here, the output voltage is set to 3.3V. This voltage can be accessed through the SYS
pin and acts as the digital source for the system. It is used as a supply for the MCU, the IMU
and MyoWare sensors,and the SD connector. The buck converter uses T.I.’s DCS (Direct Control
with Seamless Transition into Power Saving Mode) topology, which combines hysteric, voltage, and
current mode controls, and transitions between PWM and Power Save Modes without disturbances
to voltage. This topology results in high accuracy voltage management with a low quiescent
current, minimizing its consumption.

The LS/LDO pin is connected to an additional regulator in order to establish a separate + /- 5V
analog power source for both the mixed-signal ADC and the electrode modules. A dual supply is
output from this LDO, as many EMG analog front end circuit modules use differential amplification
and require the use of both a positive and negative supply rail. Here, Texas Instrument’s TPSXXX

is incorporated to provide the desired output. The PMID pins are not needed in this application,
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as the outputs are within the chip’s natural range and do not require additional boost circuitry.
Insurmountable challenges presented themselves when attempting to have this board fabricated
due to the ball grid array package of the BQ25121 IC. It was difficult to find a board house that
was able to create trace width thin enough to prevent overlap of the signals to the chip’s pads.
As well, there is no machine on site capable of mounting the ball grid array chip; thus, this
would have to be done externally. To have this done quickly became prohibitively expensive for a
single prototype. back-and-forth communication and re-iterations of the board design, with long
wait times in between correspondance, with Seeed Studio eventually lead to the discarding of this

design.

A.3 Electrode iteration 3

Regardless of the attempts to reduce noise, the environmental interference was insurmountable;
consequently, another electrode module prototype was developed. This version, iteration 3, at-
tempts to keep all components required for a clear EMG reading self-contained without increasing
the sensor’s size from previous versions. This iteration consists of a two-layer PCB fabricated by
Seeed Studio (Shenzen, China), as well as the additional layers of copper tape and Tango-composite
3D-printed insulator materials used in design 1.3. Below are the schematic and EAGLE board
design realizations of this iteration.

In this version, a SOTL-16 INA116 is the centerpiece of the design. Guard traces are placed
around the positive and negative inputs and lead towards a hole through the bottom of the board;
similarly, the positive input leads to a hole as well. The bypass capacitors remain at the supply pins,
though the negative input pin is no longer grounded. All three bias and feedback configurations
were realized and incorporated into this board: for the former, two sets of two-pin headers were
placed between the shield and the input nets. The diode bias circuitry was placed across one
of these headers and the resistor bias was placed across the other. Once printed, a jumper was
used to create the chosen bias connection, or left open for no bias. Likewise, two sets of two-pin
headers were placed across the shield net between the input and output. One connection results
in basic feedback, the other to capacitive feedback, or open for no feedback. By having all of the
configurations present on the board, the noise associated with breadboard and the wires heading

to it are mitigated.
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As well, the signal is digitized on the module itself using the 24-bit ADS1291 analog-to-digital
converter. The output of the INA116 amplifier is routed to the positive input of one channel.
Its negative input is grounded. A second channel is set up with amplification equal to the first
channel for the connection of another electrode, which can be selected as the driven right leg signal
through the chip. Following the printing and assembly of the two-layer PCB, the remainder of the
module is fabricated. First, wires are soldered to the holes that pass through the board. Then, a
single layer of copper fill with holes below those in the PCB layout is attached to the board using
Gorilla Glue. The wires are passed through this plate.

As well, the signal is digitized on the module itself using the 24-bit ADS1291 analog-to-digital
converter. The output of the INA116 amplifier is routed to the positive input of one channel. Its
negative input is grounded. A second channel is set up with amplification equal to the first channel
for the connection of another electrode, which can be selected as the driven right leg signal through
the chip. Electrostatic discharge (ESD) circuitry was included between the signal origins and the
ADC input pins. Following the printing and assembly of the two-layer PCB, the remainder of the
module is fabricated. First, wires are soldered to the holes that pass through the board. Then, a
single layer of copper fill with holes below those in the PCB layout is attached to the board using
Gorilla Glue. The wires are passed through this plate.

A rectangular block of the same surface area as the PCB board was printed in the Tango-
composite material with a Shore hardness of 50A using the Objet Innovator 3-D printer. The
component had a hole through it where the connection from the sensing plate to the positive input
is expected to be placed. The sensing plate was applied to the bottom of the printed interspatial
material, and the wire from the PCB was passed through the rubber and soldered to the tape.
Another piece of copper tape was adhered to the top of the interspatial material as the shielding
plate; here, the wire from the shielding connection was soldered to the tape. The PCB structure
and the tape—rubber structures are glued together. Finally, a wire was connected between the
analog ground and a foil-based casing around the electronic components of the structure. Although
significantly more components were included within this module, it is of comparable size to the

previous iterations.



A.3 Electrode iteration 3

161

INAl16

] .
s in-amp

TPOZEQUFDCKR sen | B2

T T

2 Fu o

ESD Protection

Bias circuitry

1,

Juan

I
@TT Feedback circuitry

U1
ADS1291IPRS

Figure A.5: Schematic of the third iteration of the electrode module.
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Appendix B

Appendix B: Code

This appendix contains some of the scripts used to acquire and process data throughout this work.

B.1 Biosignal Acquisition Sleeve Scripts

B.1.1 Arduino sensor data acquisition script

ArduinoCollect.ino

163



finclude <Wire.h>

#include <SPI.h>

#include <SparkFunLSM9DS1.h>
#include <LSM9DS1 Registers.h>
#include <SD.h>

#include <ADS.h>

//#include <TimeLib.h>
#include <String.h>

J )
LSMODS1 imul;
LSM9DS1 imu?Z2;
LSM9DS1 imu3;
LSMO9DS1 imu4;

int whichImus[] = {};
int whichAnalogs[] = {};

#define LSMI9DS1 M CS1 9
#define LSMI9DS1 AG CS1 10
#define LSM9DS1 M CS2 7
#define LSMI9DS1 AG CS2 8
#define LSMI9DS1 M CS3 6
#define LSM9DS1 AG CS3 5
#define LSM9DS1 M CS4 25
#define LSMIDS1 AG CS4 24

#define PRINT CALCULATED
#define DECLINATION -9.1 // Declination (degrees)

String GyroString, DataString, FlexString, AnalogString;
int iNum;

int FLEX PINI1 A9;
int FLEX PINZ2 A8;
String FlexString;
int flexNum = 0;

int ANum = 0O;

int aPinl = A3;
int aPin2 = A2;
int aPin3 = A5;
int aPind = A4;

ADS ADS1292;

volatile uint8 t SPI Dummy Buff[30];
uint8 t DataPacketHeader[16];

volatile signed long s32DagVals[8];
uint8 t data len = 7;

volatile byte SPI RX Buff[15] ;

volatile static int SPI _RX Buff Count = 0;
volatile char *SPI RX Buff Ptr;

volatile bool adsl292dataReceived = false;



unsigned long uecgtemp = 0;
signed long secgtemp = 0;
int y, z;

long status byte = 0;
uint8 t LeadStatus = 0;

int chSet;

int isADC = 0;

char fileName[] = "sleevelOO.csv'";

[/ mm e
// Define file and source of SD writing

[/ mm e

File dataFile;
const int SDSelect = BUILTIN SDCARD;

[/ —mmmmmmmm e

// Set-up sequence

[/ mmmmmm oo

void setup() {
Serial.begin(115200);
while (!'Serial) ;
Serial.flush();

pinMode (FLEX PIN1, INPUT); //Initialize flex sensors as inputs, count
pinMOde(FLEX_PIN2, INPUT) ;

if (analogRead(FLEX PIN1) > 300 && analogRead(FLEX PIN2) > 300) {
flexNum = 2;

}

else if (analogRead(FLEX PIN1) > 100 || analogRead(FLEX PIN2) > 100) {
flexNum = 1;

}

else (flexNum = 0);

/s

// Initialize analog sensor inputs and count

B

pinMode (aPinl, INPUT); //Initialize flex sensors as inputs, count
pinMode (aPin2, INPUT), pinMode(aPin3, INPUT), pinMode (aPin4, INPUT) ;
int Anl = 0, An2 = 0, An3 = 0, And = 0;

if (analogRead(aPinl) > 10) {

Anl = 1;

}

if (analogRead(aPin2) > 500) {
An2 = 1;

}

if (analogRead(aPin3) > 500) {
An3 = 1;

}

if (analogRead(aPin4) > 500) {
And = 1;

}

int Analoglist[] = {Anl, An2, An3, And};

int As = 0;

for (int i = 0; 1 <= 3; i++) {

if (Analoglist[i] == 1) {
whichAnalogs[As] =1 + 1;
As = As + 1;

}

if (Analoglist[i] == 1) {
ANum = ANum + 1;

}



A

// Set up SPI for IMUs, determine which are active

imul.settings.device.commInterface = IMU MODE SPI;
imul.settings.device.mAddress = LSMODS1 M CS1;
imul.settings.device.agAddress = LSM9DS1 AG CS1;

imu2.settings.device.commInterface = IMU MODE SPI;
imu2.settings.device.mAddress = LSMODS1 M CS2;
imu2.settings.device.agAddress = LSM9DS1 AG CS2;

imu3.settings.device.commInterface = IMU MODE SPI;
imu3.settings.device.mAddress = LSMO9DS1 M CS3;
imu3.settings.device.agAddress = LSM9DS1 AG CS3;

imud.settings.device.commInterface = IMU MODE SPI;
imué4.settings.device.mAddress = LSMO9DS1 M CS4;
imud.settings.device.agAddress = LSM9DS1 AG CS4;

int n;

int ONE = ! (! (imul.begin()))

int TWO = ! (! (imu2.begin()));

int THREE = ! (! (imu3.begin()))

int FOUR = ! (! (imud.begin()))

int IMUlist[] = {ONE, TWO, THREE, FOUR};
int Is = 07

boolean autocalc = true;

imul.calibrate(_autocalc);
imu2.calibrate(_autocalc);
imu3.calibrate(_autocalc);
imuéd.calibrate(_autocalc);

iNum = 0O;
for (int 1 = 0; 1 <= 3; i++) {
if (IMULlist[i] == 1) {

whichImus[Is] = 1 + 1;
Is = Is + 1;

}
if (IMUlist[i] == 1) {
iNum = iNum + 1;

}
}
/) mm e
// Set up ADC, determine if active
/) mm e
delay ( )
pinMode (ADS1292 DRDY PIN, INPUT); //6
pinMode (ADS1292 CS PIN, OUTPUT) ; /77

pinMode (ADS1292 START PIN, OUTPUT); //5

pinMode (ADS1292 PWDN PIN, OUTPUT); //4
ADS1292.ads1292 Init(); //initalize ADS1292 slave
ADS1292.adsl1292 Reg Write (ADS1292 REG CONFIGZ, )
ADS1292.adsl1292 Reg Write(ADS1292 REG CONFIGI,
ADS1292.adsl1292 Reg Write (ADS1292 REG CH2SET,
ADS1292.adsl1292 Reg Write (ADS1292 REG CHISET,
ADS1292.adsl292 Reg Write(ADS1292 REG RLDSENS,

~
= Ne Ne N
~.

ADS1292.adsl1292 Reg Write(ADS1292 REG RESPI, )
delay ( ),

ADS1292.ads1292 Stop Read Data Continuous() ;

delay(10);

chSet = read ADCbyte ( | ),

if (chSet == )

{ isADC = 1;

}

ADS1292.adsl1292 Start Read Data Continuous();
digitalWrite (ADS1292 START PIN, LOW);



delay(150);
ADS1292.adsl292 Start Data Conv_Command;

f
// Set up file name and create a data file to save on SD
T
Serial.flush();
if (!'SD.begin(SDSelect)) {
Serial.println("Card failed, or not present");
return;
}
for (uint8 t k = 0; k < 100; k++) {
fileName[6] = k / 10 + '0';
fileName[7/] =k % 10 + '0';
if (! SD.exists(fileName)) {
dataFile = SD.open(fileName, FILE WRITE) ;
Serial.println(fileName) ;
break;

}

dataFile.close();

String hString;

String d = ",";

hString = "Time (ms)" + d;

String Gx = "Gx", Gy = "Gy", Gz = "Gz";
String Ax = "Ax", Ay = "Ay", Az = "Az'";
String Mx = "Mx", My = "My", Mz = "Mz";
int v = 1;

String hTemp;
dataFile = SD.open(fileName, FILE WRITE) ;
if (dataFile)
{

hString = "Time,";

if (isADC == 1) {

hString += "ADCI" + d 4 "ADC2" + d;
}

if (iNum > 0) {

hTemp =Gx + 1 +d+ Gy + 1 +d+ Gz + 1 +d+2ax+ 1 +d+

Ay + 1 +d+Az+ 1 +d+Mx+ 1 +d+My+ 1 +d+ Mz + 1 + d;

hString += hTemp;

if (iNum >= 2) {
hTemp = Gx + 2 +d+ Gy + 2 +d+ Gz + 2 +d+ Ax + 2 +d +...
Ay + 2 +d+ Az + 2 +d+Mx+2+d+My+ 2 +d+ Mz + 2 + d;
hString += hTemp;

}

if (iNum >= 3) {
hTemp = Gx + 3 + d+ Gy + 3 +d + Gz + 3 +d+2Ax + 3 +d+ ...
Ay + 3 +d+ Az + 3 +d+Mx+ 3 +d+My+ 3 +d+ Mz + 3+ d;
hString += hTemp;

} if (iNum >= 4) {
hTemp = Gx + 4 + d+ Gy + 4 +d+ Gz + 4 +d+ Ax + 4 + d +
Ay + 4 +d+ Az + 4 +d+Mx+4 +d+ My + 4 +d+ Mz + 4+ d;
hString += hTemp;

}
}
if (flexNum > 0) {
hTemp = "FlexVall"+ d+ "FlexAnglel" + d;
hString += hTemp;
if (flexNum == 2) {
hTemp = "FlexVall"+ d+"FlexAngle2" + d;

hString += hTemp;
}



}

}

if (ANum >

}

) |

hTemp "Analogl" +

hString += hTemp;

if (ANum == 2) {
hTemp = "Analog2"
hString += hTemp;

}

if (ANum == 3) {
hTemp "Analog3"
hString += hTemp;

}

if (ANu ) {
hTemp = "Analog4d"
hString += hTemp;

}

d;

+ d;;

+ d;;

+ d;;

dataFile.println (hString);
dataFile.close() ;

else {
Serial.println("Error™);

}

Serial.println(hString) ;

int read ADCbyte(int reg_addr) {
int out = 0;
digitalWrite (ADS1292 CS PIN, LOW);

}

SPIl.transfer( |

re

delayMicroseconds (5) ;
SPIl.transfer( )
delayMicroseconds (D) ;
out = SPIl.transfer(
delayMicroseconds (1) ;
digitalWrite (ADS1292 CS PIN, HIGH);
return (out);

String printG(int imuNum)

{

String Gx, Gy, Gz, Ax,

String G;

char buffer[10];

String d = ",";

switch (imuNum) {

case 1: {

imul.readGyro() ;
Gx = dtostrf (imul.

Gy = dtostrf (imul.
Gz = dtostrf (imul.
imul.readAccel () ;
Ax = dtostrf (imul.
Ay = dtostrf (imul.
Az = dtostrf (imul.
imul.readMag() ;

Mx = dtostrf (imul.
My = dtostrf (imul.
Mz = dtostrf (imul.

}
break;
case 2: {

imu2.readGyro() ;
Gx = dtostrf (imu2.
Gy = dtostrf (imu2.
Gz = dtostrf (imu2.
imu2.readAccel () ;
Ax = dtostrf (imu2.
Ay = dtostrf (imu2
Az = dtostrf (imu2.

g_addr) ;

);

Ay, Az, Mx, My, Mz;

calcGyro (imul.gx),
calcGyro (imul.gy),
calcGyro (imul.gz),

calcAccel (imul.ax),
calcAccel (imul.ay),
calcAccel (imul.az),

calcMag (imul .mx) ,
calcMag (imul .my) ,
calcMag (imul.mz),

calcGyro(imu2.gx),
calcGyro (imu2.gy),
calcGyro(imu2.gz),

calcAccel (imu2.ax),
.calcAccel (imu2.ay),
calcAccel (imu2.az),

4

4

14

4 4

4 4

4 4

buffer);
buffer);
buffer);

buffer);
buffer);
buffer);

4 4
4 4

4 4

, buffer);
, buffer);
, buffer);

buffer);
buffer);
buffer);

4 4
4 4

4 4

buffer) ;
buffer);
buffer);

4 4

4 14

4 4



imu2.readMag () ;

Mx = dtostrf(imu2.calcMag(imu2.mx), , , buffer);
My = dtostrf(imu2.calcMag(imu2.my), , , buffer);
Mz = dtostrf(imu2.calcMag(imu2.mz), , , buffer);

imu3.readGyro() ;

Gx = dtostrf(imu3.calcGyro(imu3.gx), 4, 2, buffer);
Gy = dtostrf(imu3.calcGyro(imu3.qgy), 4, 2, buffer);
Gz = dtostrf(imu3.calcGyro(imu3.gz), 4, 2, buffer);
imu3.readAccel () ;

Ax = dtostrf(imu3.calcAccel (imu3.ax), 4, 2, buffer);
Ay = dtostrf(imu3.calcAccel (imu3.ay), 4, 2, buffer);
Az = dtostrf(imu3.calcAccel (imu3.az), 4, 2, buffer);
imu3.readMag () ;

Mx = dtostrf(imu3.calcMag(imu3.mx), 4, 2, buffer);
My = dtostrf(imu3.calcMag(imu3.my), 4, 2, buffer);
Mz dtostrf (imu3.calcMag(imu3.mz), 4, 2, buffer);

break;
case 4: {

imuéd.readGyro () ;
Gx = dtostrf(imu4d.calcGyro(imu4d.gx), , , buffer);
Gy = dtostrf(imu4d.calcGyro(imu4d.qgy), , 2, buffer);
Gz = dtostrf(imud.calcGyro(imu4d.gz), , 2, buffer);
imu4.readAccel () ;
Ax = dtostrf(imud.calcAccel (imud.ax), 4, 2, buffer);
Ay = dtostrf(imud.calcAccel (imud.ay), , , buffer);
Az = dtostrf(imud.calcAccel (imud.az), 4, 2, buffer);
imu4.readMag() ;
Mx = dtostrf(imué4.calcMag(imud.mx), 4, 2, buffer);
My = dtostrf(imud.calcMag(imud4.my), 4, 2, buffer);
Mz dtostrf(imud4.calcMag(imu4.mz), 4, 2, buffer);

}

break;

}

GyroString = Gx + d + Gy + d + Gz +
+ Az + d + Mx +d+ My + d + Mz + d;
return GyroString;

d+ 2Ax +d+ Ay + d

}

String printFlex (int flexNum)

{
const float VCC = ; // Measured voltage of Ardunio 5V line
const float R DIV = ; // Measured resistance of 3.3k resistor
int flexADC ; float STRAIGHT RESISTANCE; float BEND RESISTANCE;
if (flexNum == 1) {
STRAIGHT RESISTANCE = ; // resistance when straight
BEND RESISTANCE = ; // resistance at 90 deg
flexADC = analogRead(FLEX PINI1);
}
else if (flexNum == 2) {
STRAIGHT RESISTANCE = ; // resistance when straight
BEND RESISTANCE = ; // resistance at 90 deg
flexADC = analogRead(FLEX PINZ2);
}

flexADC * VCC / ;
R DIV * (VCC / flexV - ) ;
map (flexR, STRAIGHT RESISTANCE, BEND RESISTANCE, 0,

float flexV
float flexR
float angle

String d = ",";

char buffer[10];

String angle2 = dtostrf(angle, , , buffer);
String flexString = flexADC+d+angle2 + d;
return flexString;

}

String printAnalog(int analogNum)



{
String a, d = ",";
char buffer[10];
switch (analogNum) {

case 1: {
a = dtostrf (analogRead(aPinl), , , buffer);

} break;

case 2: {
a = dtostrf (analogRead(aPin2), 4, 2, buffer);

} break;

case 3: {
a = dtostrf(analogRead(aPin3), 4, 2, buffer);

} break;

case 4: {
a = dtostrf (analogRead(aPind), 4, 2, buffer);

} break;

}
String AnalogString = a + d;
return AnalogString;

}

String printADC() {
int i; int 3J;
digitalWrite (ADS1292 START PIN, LOW);
digitalWrite (ADS1292 START PIN, HIGH);

if ((digitalRead(ADS1292 DRDY PIN)) == LOW)
{
SPI RX Buff Ptr = ADS1292.adsl292 Read Data();
for (i = 0; 1 < 9; 1i++)
{ SPI_RX Buff[SPI RX Buff Count++] = *(SPI RX Buff Ptr + i);
}
adsl292dataReceived = true;
}
if (adsl292dataReceived == true) // process the data
{{
j=0;
for (i = 3; 1 < 9; 1 += 3)
{ uvecgtemp = (unsigned long) ( ((unsigned long)SPI RX Buff[i + 0] << ) ..
| ( (unsigned long) SPI RX Buff[i + 1] << 8) | (unsigned long) SPI_RX Buffl[i + 21);

uecgtemp = (unsigned long) (uecgtemp << 8);
secgtemp = (signed long) (uecgtemp);

secgtemp = (signed long) (secgtemp >> 8);
s32DaqgVals[j++] = secgtemp;
}
}
}
char buffer[332];
String d = ",";

String ADCl = ltoa(s32DagVals[0], buffer, )
String ADC2 = ltoa(s32DagVals[l], buffer, ),
String ADCString = ADCl + d + ADC2 + d;
adsl292dataReceived = false;

SPI _RX Buff Count = 0;

return ADCString;

void loop() {
String ADCString; String GyroString; String FlexString;
String AnalogString; String DataString;
String d = ",";

DataString = millis() + d;

int iN = 0, fN = 1;

if (isADC == 1) {
ADCString = printADC() ;
DataString += ADCString;



}

if (iNum > 0) {
GyroString += printG(1l);
if (iNum > 1) {
GyroString += printG(2);
if (iNum > 2) {
GyroString += printG(3);
if (iNum > 3) {
GyroString += printG(4);
}
DataString += GyroString;
}

if (flexNum > 0) {
FlexString += printFlex (1) ;
DataString += FlexString;
if (flexNum > 1) {
FlexString += printFlex(2);
DataString += FlexString;
}
}

if (ANum > 0) {
AnalogString += printAnalog(whichAnalogs[0]);
DataString += AnalogString;
if (ANum > 1) {
AnalogString += printAnalog(whichAnalogs[1]);
DataString += AnalogString;
}
if (ANum > 2) {
AnalogString += printAnalog(whichAnalogs[2]) ;
DataString += AnalogString;
}
if (ANum > 3) {
AnalogString += printAnalog(whichAnalogs[3]) ;
DataString += AnalogString;
}
}
dataFile = SD.open(fileName, FILE WRITE) ;
if (datafFile) {
dataFile.println(DataString) ;
dataFile.close();
Serial.println(DataString);
}
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SleeveCollect.ino

addpath ('quaternion_library');
uiopen;
filenum='SLEEVE27.";

time=eval (strcat (filenum, 'Time'));

Ts=1000;

al=[-eval (strcat (filenum, 'Ay1l'")),-eval (strcat (filenum, 'Ax1")) , eval(strcat (filenum, 'Az1"))];
gl=[-eval (strcat (filenum, 'Gyl')),-eval (strcat (filenum, 'Gx1")), eval (strcat (filenum, 'Gz1"))];

ml=[-eval (strcat (filenum, 'Myl')),-eval (strcat (filenum, 'Mx1"')), -eval(strcat (filenum, 'Mz1"'))];
Al=[1.8981 0.1267 -0.0890; O 1.7398 -0.0415; 0 0 1.8930];

cl= [0.3704, -0.6698, -0.5064]1";

il=ml-repmat (cl,1,length(ml))"'; ml= (Alxml')"';

[c,d]=butter (3,0.1/(100/2), '"high'");

gl=filtfilt(c,d, gl);

windowSize = 25; b = (1/windowSize) *ones (1,windowSize); a=1;

gl = filter(b,a, gl); al = filter(b,a, al); ml = filter(b,a, ml);

Cbnl = TRIAD (al(10,:)', ml1(10,:)"', [mean(al(10:150,:))]1"', [mean(ml (10:150,:))1");

gl=dcm2quat (Cbnl) ;

az2=[-eval (strcat (filenum, 'Ay2')), -eval (strcat (filenum, 'Ax2')),eval (strcat (filenum, 'Az2"))];
g2=[-eval (strcat (filenum, 'Gy2')), -eval (strcat (filenum, 'Gx2')), eval (strcat (filenum, 'Gz2"))];
m2=[-eval (strcat (filenum, 'My2')), -eval(strcat (filenum, 'Mx2')),-eval (strcat (filenum, 'Mz2"'))];
A2= [1.8221 0.3075 -0.0007; O 2.1160 -0.0372; 0 0 1.77181;

c2=[0.1013 0.3565 0.05621";

i2=m2-repmat (c2,1,length(m2))"'; m2= (A2xi2'"')"';

g2=filtfilt(c, d, g2);

g2 = filter(b,a, g2);a2 = filter(b,a, a2); m2 = filter(b,a, m2);

Cbn2 = TRIAD (a2(10,:)', m2(10,:)"', [mean(a2(10:150,:))]"', [mean(m2(10:150,:))]1");
g2=dcm2quat (Cbn2) ;

a3=[-eval (strcat (filenum, 'Ay3')), -eval (strcat (filenum, 'Ax3')), eval (strcat (filenum, 'Az3"))];
g3=[-eval (strcat (filenum, 'Gy3')), -eval (strcat (filenum, 'Gx3')), eval(strcat (filenum, 'Gz3"))];
m3=[-(eval (strcat (filenum, 'My3'))), -eval(strcat (filenum, 'Mx3'")), -eval(strcat (filenum, 'Mz3"))];
A3=[1.8938 0.2399 -0.0477; 0 1.8497 -0.0135; 0 0 1.774771;

c3 = [0.3743 0.1438 0.0605]1";

i3=m3-repmat (c3,1,length(m3))"'; m3= (A3xi3')"';

g3=filtfilt(c, d, g3);

g3 = filter(b,a, g3); a3 = filter(b,a, a3); m3 = filter(b,a, m3);

Cbn3 = TRIAD (a3(10,:)"', m3(10,:)"', [mean(a3(10:150,:))]1"', [mean(m3(10:150,:))1");
g3=dcm2quat (Cbn3) ;

ad4=[-eval (strcat (filenum, 'Ay4')), -eval(strcat (filenum, 'Ax4')), eval(strcat(filenum, 'Az4"))];
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gd=[-eval (strcat (filenum, 'Gy4')), -eval (strcat (filenum, 'Gx4')), eval(strcat (filenum, 'Gz4"))];
mé4=[-(eval (strcat (filenum, 'My4'))), -eval(strcat (filenum, 'Mx4')), -eval(strcat (filenum, 'Mz4'"))];
A4 =[1.7039 0.1046 0.0729; 0 1.7736 0.0556; 0 0 1.706171;

c4 =[0.1574, 0.1399, 0.14251";

i4=m4-repmat (c4,1,length(m4))';

m4= (A4xid'")"';

g4=filtfilt(c,d, g4);

g4 = filter(b,a, g4);ad4 = filter(b,a, a4); m4 = filter(b,a, md);

Cbn4 = TRIAD (a4 (10,:)', m4(10,:)"', [mean(ad4(10:150,:))]1"', [mean(md4 (10:150,:))1");

g4=dcm2quat (Cbn4) ;

AHRS = MadgwickAHRS ('SamplePeriod', 1/Ts, 'Quaternion', gl, 'Beta', 1);
AHRS2 = MadgwickAHRS ('SamplePeriod', 1/Ts, 'Quaternion', g2, 'Beta', 1);
AHRS3 = MadgwickAHRS ('SamplePeriod', 1/Ts, 'Quaternion',qg3,'Beta', 1);

AHRS4 = MadgwickAHRS ('SamplePeriod', 1/Ts, 'Quaternion', g4, 'Beta', 1);

quaternionl = zeros(length(gl),4);
for t = 1l:length(gl)

AHRS.Update (gl (t,:) % (pi/180), al(t,:), ml(t,:)); % gyroscope units must be radians
quaternionl (t, :) = AHRS.Quaternion;

end

quaternion2 = zeros(length(g2),4);

r=zeros (length(g2),1);
for t = 1l:length(g2)

AHRS2.Update (g2 (t,:) = (pi/180), a2(t,:), m2(t,:)); % gyroscope units must be radians
quaternion2(t, :) = AHRS2.Quaternion;

end

quaternion3 = zeros(length(g3), 4);

for t = 1l:length(g3)

AHRS3.Update (g3 (t,:) = (pi/180), a3(t,:), m3(t,:)); % gyroscope units must be radians
quaternion3(t, :) = AHRS3.Quaternion;
end
quaternion4 = zeros(length(g4)-4, 4);

for t = 1l:length(g4)
AHRS4 .Update (g4 (t,:) = (pi/180), ad(t,:),md(t,:)); % gyroscope units must be radians
quaterniond (t, :) = AHRS4.Quaternion;

end

%$gd=quaternionl (200, :) —~quaternionl (200, :) ;
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$quaternion2=quaternion2+qgd;
rUA=quat2rotm(quaternionl);
rUF=quat2rotm(quaternion2) ;
rLF=quat2rotm(quaternion3);

rH=quat2rotm(quaternion4) ;

Ql=zeros (3,3, length (rUA));
Q2=zeros (3, 3,length(rUA));
Q3=zeros (3,3, length(rH));

for i=1l:length (rUF)
Ql(:,:,i)=rUF(:,:,i)\rUA(:,:,1);
end
Qmatl=rotm2quat (Q1);

Elbow=quat2dcm (Qmatl) ;

[eAlpha, eBeta, eGamma] = rad2deg(dcm2angle (Elbow,

figure; plot (eAlpha); title('Elbow orientation');

xlabel ('Time (samples) '); ylabel ('Angle
for i=1:length (rLF)
Q2(:,:,i)=rLF(:,:,i)\rUF (:,:,1);
end
Qmat2=rotm2quat (Q2) ;
Forearm=quat2dcm (Qmat2) ;
[fAlpha, fBeta, fGamma] = rad2deg(dcm2angle (Forearm,

figure; plot (fGamma); title('Forearm orientation');

xlabel ('Time (samples)'); ylabel ('Angle

for i=1l:length (rH)
Q3(:,:,1)=rUA(:,:,1)\rLF (:,:,1);

end

Qmat3=rotm2quat (Q3) ;

Wrist=quat2dcm (Qmat3) ;

[wAlpha, wBeta, wGamma] = rad2deg(dcm2angle (t,
figure; plot (wAlpha); hold on; plot (wBeta);

title('Forearm orientation');

xlabel ('Time (samples)'); ylabel ('Angle

(degrees) ') ;

(degrees) ") ;

(degrees) ") ;
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B.1.2 MATLAB IMU data processing script

imuProcess.m

addpath ('quaternion_library');
uiopen;
filenum='SLEEVE27."';

time=eval (strcat (filenum, 'Time'));

Ts=1000;

al=[-eval (strcat (filenum, 'Ay1l'")),-eval (strcat (filenum, 'Ax1")) , eval(strcat (filenum, 'Az1"))];
gl=[-eval (strcat (filenum, 'Gyl')),-eval (strcat (filenum, 'Gx1")), eval (strcat (filenum, 'Gz1"))];

ml=[-eval (strcat (filenum, 'Myl')),-eval (strcat (filenum, 'Mx1"')), -eval(strcat (filenum, 'Mz1'))];
Al=[1.8981 0.1267 -0.0890; O 1.7398 -0.0415; 0 0 1.8930];

cl= [0.3704, -0.6698, -0.5064]1";

il=ml-repmat (cl,1,length(ml))"'; ml= (Alxml')"';

[c,d]=butter (3,0.1/(100/2), '"high");

gl=filtfilt(c,d, gl);

windowSize = 25; b = (1/windowSize) *ones (1,windowSize); a=1;

gl = filter(b,a, gl); al = filter(b,a, al); ml = filter(b,a, ml);

Cbnl = TRIAD (al(10,:)', ml1(10,:)"', [mean(al(10:150,:))]1"', [mean(ml (10:150,:))1");
gl=dcm2quat (Cbnl) ;

az=[-eval (strcat (filenum, 'Ay2')), -eval (strcat (filenum, 'Ax2')),eval (strcat (filenum, 'Az2"))];
g2=[-eval (strcat (filenum, 'Gy2')), -eval (strcat (filenum, 'Gx2')), eval (strcat (filenum, 'Gz2"))];
m2=[-eval (strcat (filenum, 'My2')), -eval(strcat (filenum, 'Mx2')),-eval (strcat (filenum, 'Mz2"'))];
A2= [1.8221 0.3075 -0.0007; O 2.1160 -0.0372; 0 0 1.77181;

c2=[0.1013 0.3565 0.05621";

i2=m2-repmat (c2,1,length(m2))"'; m2= (A2xi2')"';

g2=filtfilt(c, d, g2);

g2 = filter(b,a, g2);a2 = filter(b,a, a2); m2 = filter(b,a, m2);

Cbn2 = TRIAD (a2 (10,:)', m2(10,:)', [mean(a2(10:150,:))]"', [mean(m2(10:150,:))1");

g2=dcm2quat (Cbn2) ;

a3=[-eval (strcat (filenum, 'Ay3')), -eval (strcat (filenum, 'Ax3')), eval(strcat (filenum, 'Az3"))];
g3=[-eval (strcat (filenum, 'Gy3'")), -eval (strcat (filenum, 'Gx3')), eval (strcat (filenum, 'Gz3"))];
m3=[-(eval (strcat (filenum, 'My3'))), -eval(strcat(filenum, 'Mx3'")), -eval(strcat (filenum, 'Mz3"))];
A3=[1.8938 0.2399 -0.0477; 0 1.8497 -0.0135; 0 0 1.774771;

c3 = [0.3743 0.1438 0.0605]1";

i3=m3-repmat (c3,1,length(m3))"'; m3= (A3xi3')"';

g3=filtfilt(c, d, g3);

g3 = filter(b,a, g3); a3 = filter(b,a, a3); m3 = filter(b,a, m3);

Cbn3 = TRIAD (a3(10,:)"', m3(10,:)"', [mean(a3(10:150,:))]1"', [mean(m3(10:150,:))1");
g3=dcm2quat (Cbn3) ;
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ad=[-eval (strcat (filenum, 'Ay4'")), -eval (strcat (filenum, 'Ax4')), eval (strcat (filenum, 'Az4"))];
g4=[-eval (strcat (filenum, 'Gy4')), -eval(strcat(filenum, 'Gx4')), eval(strcat (filenum, 'Gz4"))];
m4=[-(eval (strcat (filenum, 'My4'))), -eval(strcat(filenum, 'Mx4')), -eval(strcat (filenum, 'Mz4'"))];
A4 =[1.7039 0.1046 0.0729; 0 1.7736 0.0556; 0 0 1.70617;

c4 =[0.1574, 0.1399, 0.1425]"';

i4=md4-repmat (c4,1,length(m4))';

md= (Ad4x1i4')"';

g4=filtfilt(c,d, g4);

g4 = filter(b,a, g4);a4 = filter(b,a, a4); m4 = filter(b,a, m4);

Cbn4 = TRIAD (a4 (10,:)', m4(10,:)"', [mean(ad4(10:150,:))1"', [mean(md4 (10:150,:))1");

g4=dcm2quat (Cbn4) ;

AHRS = MadgwickAHRS ('SamplePeriod', 1/Ts, 'Quaternion', gl, 'Beta', 1

~.

AHRS2 = MadgwickAHRS ('SamplePeriod', 1/Ts, 'Quaternion', g2, 'Beta', 1);
AHRS3 = MadgwickAHRS ('SamplePeriod', 1/Ts, 'Quaternion',qg3, 'Beta', 1);

AHRS4 = MadgwickAHRS ('SamplePeriod', 1/Ts, 'Quaternion', g4, 'Beta', 1

~

quaternionl = zeros(length(gl),4);

for t = l:length(gl)
AHRS.Update (gl (t,:) * (pi/180), al(t,:), ml(t,:)); % gyroscope units must be radians
quaternionl(t, :) = AHRS.Quaternion;

end

quaternion2 = zeros(length(g2),4);
r=zeros (length(g2),1);
for t = l:length(g2)

AHRS2.Update (g2 (t,:) = (pi/180), a2(t,:), m2(t,:)); % gyroscope units must be radians
quaternion2(t, :) = AHRS2.Quaternion;

end

quaternion3 = zeros(length(g3), 4);

for t = 1l:length(g3)

AHRS3.Update (g3 (t,:) = (pi/180), a3(t,:), m3(t,:)); % gyroscope units must be radians
quaternion3(t, :) = AHRS3.Quaternion;
end
quaternion4 = zeros(length(g4)-4, 4);

for t = l:length(g4)
AHRS4 .Update (g4 (t,:) * (pi/180), ad(t,:),md(t,:)); % gyroscope units must be radians
quaterniond (t, :) = AHRS4.Quaternion;

end
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%$gd=quaternionl (200, :) —quaternionl (200, :);
%$quaternion2=quaternion2+qgd;
rUA=quat2rotm(quaternionl) ;
rUF=quat2rotm(quaternion2) ;
rLF=quat2rotm(quaternion3);

rH=quat2rotm(quaternion4) ;

Ql=zeros (3,3, length(rUA));
Q2=zeros (3,3, length (rUA));
Q3=zeros (3,3, length(rH));

for i=1:length (rUF)
Ql(:,:,i)=rUF(:,:,1)\rUA(:,:,1);
end
QOmatl=rotm2quat (Q1l) ;
Elbow=quat2dcm (Qmatl) ;
[eAlpha, eBeta, eGamma] = rad2deg(dcm2angle (Elbow, 'ZXY'"')) ;
figure; plot (eAlpha); title('Elbow orientation');

xlabel ('Time (samples) '); ylabel ('Angle (degrees)');

for i=1l:length (rLF)
Q2(:,:,1)=rLF (:, :,1)\rUF (:,:,1);
end
Qmat2=rotm2quat (Q2) ;
Forearm=quat2dcm (Qmat?2) ;
[fAlpha, fBeta, fGamma] = rad2deg(dcm2angle (Forearm, 'XZY'));
figure; plot (fGamma); title('Forearm orientation');

xlabel ('Time (samples)'); ylabel('Angle (degrees)');

for i=1l:length (rH)
Q3(:,:,1)=rUA(:,:,i)\rLF (:,:,1);
end
QOmat3=rotm2quat (Q3);
Wrist=quat2dcm (Qmat3) ;
[wAlpha, wBeta, wGamma] = rad2deg(dcm2angle(t, 'XYZ'"')) ;
figure; plot (wAlpha); hold on; plot (wBeta);
title('Forearm orientation');

xlabel ('Time (samples)'); ylabel ('Angle (degrees)');
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B.2 Repetition Detection Algorithm for use on the Existing Database
— MATLAB scripts

loadup.m

function [data, rVarl, rVar2]=loadUp (patientNum,motion)

location=strcat ('C:\Users\gadx230\Dropbox\Raneems Data Analysis\Second Round of Trials\S',
patientNum, '\S', patientNum,motion,'.edf');

[hdr, record] = edfread(location); %import file

samplef=4000; % sampling frequency Hz

r=size (record);

1=r(2);

%$Load, name, and filter the data for each channel of muscle information
[bb, bbFilt]=process (record(l,:),1);
[tb, tbFilt]=process(record(2,:),1);
[tbLong, tbLongFilt]=process(record(3,:),1);
[pt, ptFilt]=process (record(4,:),1);
[fcu, fcuFilt]=process (record(5,:),1);
[ecu, ecuFilt]=process (record(6,:),1);
data=[bbFilt;tbFilt;tbLongFilt;ptFilt; fcuFilt;ecuFilt];
% Based on the type of motion input, return data from the relevant channels
switch motion

case 'EFE'

rVarl= bb;

rVar2= tbLong;

case 'PS'
rVarl= pt;
rVar2= bb;

case 'URD'

rVarl= ecu;
rvar2 = pt;
case 'WFE'
rVarl= fcu;
rVar2= ecu;
case 'HOC'
rVarl=fcu;
rVar2=ecu;

end

function [y, z]=process(rawsignal,l)

y = detrend(rawsignal);
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%bandpass filter
[b,a]l=butter (5, [10/(4000/2) ,500/(4000/2)1]);
y = filtfilt (b,a,y);

$notch filter

wo = 60/(4000/2);

bw = wo/10;

[b,a] = iirnotch (wo,bw);

y = filtfilt(b,a,y);

%$take the absolute value, then apply linear envelope
x=abs (y) ;

[c,d]=butter(5,3/(4000/2), "low");

z = filtfilt (c,d,x);

end

end
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repDetect.m

function [ons, offs, onsTemp, offsTemp]=repDetect (y)
%$Apply the TKEO
TKEO=zeros (1, length(y)-1);
for i=2:1:(length(y)-1)
TKEO (1) =y (1) "2-y (1+1) xy (i-1);

end

%Find the absolute value of the TKEO
TKEO = abs (TKEO) ;

% Compute the threshold value
mu=mean (TKEO) ;

sigma=var (TKEO) ;

threshold = mu +7xsigma;

%$Determine where the signal exceeds the threshold
TH=zeros (1, length (TKEO) ) ;
for i=1:1:length (TKEO)
if TKEO(i) > threshold
TH(i)=1;

else

end

end
j=2; k=2; 1=1;flag=0; onsTemp=zeros(l,20); offsTemp=zeros(1l,20);

%Determine temporary onset and offset points based on a moving window
for i=1:1:length(TH)-2000
if sum(TH(1i:1+500)) > 200 & flag==
if i-onsTemp(j-1) > 4000
onsTemp (Jj)=1i;
flag =1;
j=3+1;
end
elseif sum(TH(1i:1i+500))< 50 & flag==
if i-offsTemp (k-1) > 4000
offsTemp (k) =1i;
flag=0;
k=k+1;
end
end

end
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offsTemp=offsTemp (ocffsTemp™=0) ;
onsTemp=onsTemp (onsTemp "=0) ;

m=1;

if length(onsTemp) > length (offsTemp)
offsTemp=[offsTemp length (TKEO)];

end

if length(onsTemp) > 3
for 1=1l:length (offsTemp)
if offsTemp(l)-onsTemp(l) > 1500

ons (m) = onsTemp (1) ;
offs(m) = offsTemp(l);
m=m+1;
end
end

else
for 1=1:length (onsTemp)
ons (1l)=onsTemp (1) ;
offs(l)=offsTemp (1) ;
end

end

o

% Conditions for datasets that detect 4, 5, or 6 "on"
% pairs based on observations of EMG patterns
if length(onsTemp) == 6
for i= 1l:length (ons)
if mod (i, 2) =0
ons (i)=ons(i);
offs (1) =0;
else
ons (i)=0;
offs (i)=offs(i);
end
end
ons=ons (ons~=0) ;
offs=offs (offs™=0);

end

if length(ons) == 4
ons=ons (ons =ons (4) ) ;
offs=offs(offs™=o0ffs(3));

end

ons=ons (ons~=ons (ind))

and

NofEN
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replLengths=zeros (1, length(ons));
for i=1:1length (ons)
replengths (i) =o0ffs (i) -ons (i) ;
end
[7,ind]=min (repLengths)
if ind >1
ons=ons (ons~=ons (ind))

offs=offs (offs™=offs((ind)-1));

else
ons=ons (ons~=ons (ind+1));
offs=offs(offs™=offs(ind));
end
end
if length(ons) == 5

for i= 1l:length (ons)
if mod(i,2) =0
ons (i)=ons (1) ;
offs (1)=0;
else ons (1i)=0;
offs (i)=offs (i)
end
end
ons=ons (ons~=0) ;
offs=o0ffs (offs™=0);

end

% Add a 'safety factor', to account for further filtering

o

% the linear envelope)

for i=1l:1length (ons)

if ons(i)> 150
ons (i)=ons (1) -550
if offs (i) < length (TKEO)

offs (i)=0ffs (i)+500 %00

else offs(i)=o0ffs(i)-300;
end

end

end

end

(application of
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createRep.m

function [repDatal= createRep (patientNum, motion)

[data, wvarl, var2]=loadUp2 (patientNum);
[onsvl, offsvl]=repDetect2 (varl);
[onsv2, offsv2]=repDetect2 (var2);
for i=1:length (onsvl)
if onsvl (i) < onsv2 (i)
Reps (:,1)=onsvl(1i);
else Reps(:,1) =onsv2(i);
end
if offsvl (i) > offsv2 (i)
Reps (:,2)=0ffsvl(i);
else Reps(:,2) =offsv2(i);
end
end
repData=struct;
for i=1l:length (Reps)
fieldName=strcat ('rep',num2str(i));
repData = setfield(repData, fieldName, data(:, Reps(i, 1) :Reps(i,2)));
g=getfield (repData, fieldName) ;
fileName=strcat ('Subject',patientNum, motion, fieldName) ;
save (fileName, 'g'");
end

end
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