ABSTRACT

EVERT, BRENDAN JOSEPHWearable Sensing Systems for Monitoring Neural Rehabilitation.
(Under the direction of Dr. Alper Bozkurt).

Wearable sensing systems have seen widespread development across a range of
applications in recent year$heir contnued evolution from consumé&vel gadgets to full
fledged medical devices has enalileeim to offerquantified, continuous monitoring of a variety
of health parameters, greater personalization of care, improveetftadiveness, and the
possibility of rome and community based treatmeptians Such capabilities are of particular
interest to the field of neural rehabilitation, where the potential advantages of wearable health
monitoring systems lend themselves to its need for quantitative measuresj@astnonitoring,
and expanded access to care. Despite this, clinical adoption of wearables remains low. Current
academic technologies are typically limited to prototige=l maturity with a greater focus on
novel functionality demonstration over applicat suitability whle commerciaklternatives often
fail to meet the practical constraints of existing clinical practice or offer too little relevance to
justify their use. A more targeted approach appears necessary to overcome these challenges and
bridgethe gap between advanced wearable technologies and their adoption into current clinical
practice. As such, this research aims to develop advanced wearable rehabilitation systems by
systematically addressing the electrical, physiological, and ergonomiceraguats, constraints,
and sensing parameters specific to targeted neurological conditions, treatment protocols, and real
world use cases to enable conditemtaptive and patiertientric neural rehabilitatiosolutions.

Three distinct neural rehabilitatiouse cases were identified as potential areas of
applicationand custom wearable sensing systems were developed far(&acksidual limb
socket interface pressure distribution monitoring for amputee patients suffering from poor socket

fit or other comfpications, (2)simultaneous neuromuscular coordination and motor execution



assessment for home and community based-giaste assessment, and (3) supplemental
metabolic, hemodynamic, and general health monitoring of rehabilitation patients to provide a
comprehensive picture of patient health status as a complement to primary rehabilitation
techniques. The presented systems include hardware, software, data aggregation, data analysis,
and deployment in benchtop and hursaibject proofof-concept studies toesnonstrate their

suitability for the targeted application.



© Copyright 2@5 by Brendan Evert

All Rights Reserved



Wearable Sensing Systems for Monitoring Neural Rehabilitation

by
Brendan Joseph Evert

A dissertation submitted to tli&raduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

ElectricalEngineering

Raleigh, North Carolina
2025

APPROVED BY:

Dr. Alper Bozkurt Dr. Michael Daniele
Committee Chair

Dr. Jams Reynolds Dr. Derek Kamper
(Substituting for Dr. Yong Zhu)



DEDICATION
To Millie and Robert Evert



BIOGRAPHY

Brendan Evert received his Bachelor of Science in Electrical Engineering from NC State
University in Raleigh, North CGalina in 2020 where he pursued a focus in control systems. He

joined the Integrated Bionic MicroSystems (iBionicS) Laboratmsyan undergraduate research
assistant in 2019 where he developed a new passion for wearable health monitoring technology.
After graduating, he enrolled in the Depart mer
program at the same universitycantinue performing research with the iBionicS laboratory under

the supervision of Dr. Alper Bozkurt. His research interests involved#welopment and
application ofwearable sensing platforms fphysical disability rehabilitation, with particular

focuson addressing the wide gap between emerging research capabilities and their adoption into

existing clinical practice.



ACKNOWLEDGMENTS

None of this work would have been possible without the support of my advisor, Dr. AlpasB
His guidance and menthip dayed a decisiveolein making me the researcher and engineer that
| am todayFor this and morehe hasny deepest gratitude.

Similarly, I would like to thank Dr. Michael Daniele, Dr. James Reynolds, Dr. Yong Zhu,
Dr. James Dieffenderfer, and berek Kamper foserving as members of my committee. The
multi-disciplinary perspectives and guidance they provided me with was invaluable throughout all
stages of my research.

| would like to thank the many collaboratorsawimade this work possibkes wédl. Thank
you to Dr. Jordan Tabor, Dr. Ashish Kapoor, and Dr. Tushar Ghosh for their support with textile
sensor design and consideration. Thank you to Dr. Aaron Fleming, Dr. Ming Liu, and Dr. Helen
(He) Huang for their great help with conducting huraal experiments and interpreting their
results. Thank you to Dr. Darpan Shukla and Dr. Shuang Wu for th@oguwpith novel electrode
and sensor designs as well as the regular, close work undertaken for their characterization,
integration, and deploymenthank you to Kaila Peterson and Dr. Hayley Richardson for their
support with wearable swebhased biochemical sensor designs and close collaboration for their
deployment. Their contributions across the works presented in this dissertation were inviluable.
has been a genuine pleasure to work alongside each and every one of them.

| would alsolike to express my gratitude to all members of the iRi®iab, both past and
present,including but not limited to Dr. James Dieffenderfer, Dr. James Reynold$?ddvez
Ahmed, Dr. Talha Agcayazi, Dr. Tanner Songkakul, Barbara Neal, Max Noonan, Alec Brewer,
Caleb Readling, Colt Nichols, Emily Garceau, Natalie Young, and Yi Clesy have all been
excellent colleagues, and in more than a few cases, excellensfridgme support | received from

all of them was crucial for my success.



Furthermore, it cannot be overstated hawnenselygrateful | am for my family. They
have been a constant source of support throughout this process. Thank you Liz, Cindy, Gordon,
Ryan,and Mason. Thank you to my brother Rob and my sister Julia. And thank you, especially,
to my mother ane, whose resilience and integriyntinues to inspirene every day.
Last,thoughcertainly not least, | must thank my beloved friend, partner, andGeéea
who has stood by my side through every step of this longpurney. No words could begin to

express the gratitude that | hold for h&rsimple thank you will have to suffice.



TABLE OF CONTENTS

LIST OF TABLES.. ...ttt rteee e e e e e e nn e e e Y
CHAPTER 1: INTRODUCTION. .. cttttiiiiiiiiiiiiieeee e e ettt et e e e e e e e e e e e e s ssssimmne e e e e e e s e s sssnsnnssssnsenes 1
1.1 Dissertation ODJECHVE..........uuuuuiiiiie e e e e e e e eeeera s e e e e e e e e eeeeeaanae 3
a) Prosthetic Socket Interface MONItOIING.......cccvvvveeieiiiiiiicceeeeeee 4
b) Home and Community Based Stroke Rehabilitation......................cc...... 4
c) Supplemental Health Monitoring for Treatment Evaluation and Assesstnent
1.2  DISSertation SrUCIULE..........coiiiiiiiiiitieees s eeeesbe e r e e eaaaeaeeeeas 5
CHAPTER 2: TEXTILE-INTEGRATED PRESSURE SENSINGOR MINIMAL
ENCUMBRANCE RESIDUALLIMB SOCKET INTERFACE MONITORING...................... X
2.1 Amputees and Prosthetic SOCKELS.............coooiiiiimmmn e 7
22 Modern Socket I nterface Mani.t.or.i.nl§os
2.3 Textile-Based Wearable Health SeNnSing.........cccccoviiiiiieee 14
2.4 Integrated TextildBased Capacitive Pressure Sensor System...................... 23
2.4.1 Materials & MethOds.........uuiiiiiiiii e e 25
2.4.1.A System Overview and Operation............ccceeeeeevvieeeieeeeennn. 25
2.4.1.B SENSON AITAY.....cciiieeiiiiiieeeeeeetteeee et 26
2.4.1.C Data Acquisition SYStem...........cccovvviiiiiiiiieene e, 27
2.4.2 Experimental Pro@ure & ReSUILS...........ccvvviiiiiiiiiiieeeiiieiieeeceeeeee 30
2.4.2.A System Benchtop Validation...............cccceeeiiiieeeneinnnninnnnnn. 30
2.4.2.B Able-Bodied Subject (Beriknee Adapter)..........ccccuvvvveeeeeen. 32
2.4.2.C Amputee Subject TeSting.........cccevviiiiiiiiiieene e, 35
2.4.3 Conclusions & FUtUure WOrK.............uuuuuriiiiiiiiceiiiiiiiinns e e e e e e e e e 38
CHAPTER 3: COMBINED SURFACE ELECTROMYOGRPHY, STRAIN, AND MOTION
SENSING FOR WEARABLESTROKE REHABILITATION......cccoiiiiiiiiiieeeeeeeeeeeeeeeevveeee 40
3.1 Neurological Disorders and Rehabilitation...................cccoocecrviveiiiiiiiiccceenn. 40
3.2 Relevant Sensing Modalities for Monitoring Stroke Rehabilitation..............: 45
3.2.1 Surface Electromyography.............ccccceeiiiiiiiecciiiiceeeee e, 47
3.2.1.A Physidogical Origin...........coevviiiiiiiiimemniiiiiiiiiieeeeeeeee e A7
3.2.1.B Instrumentation TeChNIQUES............cceeeeeiiiiiiieeeii e, 50
3.2.2 MOLION SENSING. . .uuuutiriiiiiiiiiiiiit e eeeerie ettt e e e e e e e e e e e e e e s s e e e e e e e e e e e e e e 65
3.2.2.A REIBVANCE.......coiiiiieeee e 65
3.2.2.B Sensing Properties and Considerations...........ccccoeeeeeeeenes 66
3.2.3 SHraiN SENSING.....ciiiieiiiie e e e e e 67
3.2.3.A REIBVANCE.......ceeeeiiiiiicie et rrer e 67
3.2.3.B Sensing Properties and Considerations..............c.cccevveee.. 67
3.3 Modern Electromggraphy and Motion Sensing Applications & Technolagy 70
3.3.1.A Applications to Rehabilitation.............ccccccoeeeviieeeeeiiiiiennnn. 70
3.3.1.B Stateof-the-Art TeChnOobgIesS..........cceeveiiiiiiiiiiiceee e 72
3.4 Wearable sEMG and Motion Sensing Stroke Assessment System.............73
3.4.1 Platform Design & Implementation................cccvviiiieemiiiiiiiiinineeeeen, 74
3.4.1.A sEMG Electrode Patch & Strain Sensor................cceevvvenn. 75
3.4.1.B System EIeCtroniCs...........cccuuurriiiiiiiieemiiiiiiiieieeeeeee e 79

Vi

Tr a



3.4.1.C Wireless Interface and Data Processing Software............ 85

3.4.1.D Benchmarking SYSEMS.........ccuviiiiiiiiiiiiiiieeeeeeee e 88
3.4.2 Platform Validation Procedures & RE.............cooovvviiiiiiiennn e 90
3.4.2.A Isolated AQNW sEMG Electrode Patch.................ceeeeeene. 90
3.4.2.B 16-Channel MultiMuscle SEMG Capabilities...................... 90
3.4.2.C Commercial Benchmarking System............cccccccoeviiiaacnenn. 91
3.4.2.D Textile Armband Benchmarking System...............ccccceeun. 92
3.4.3 Experimental Outcomes & DISCUSSION...........uuvuurmnniiiicaeeriirenninnnnss 95
3.4.4 Conclusions & FUuture WorkK..........ccooooviiiiiiiiiieee e 100
CHAPTER 4: MULTI-MODAL BIOCHEMICAL & OPTICAL SENSING FOR
CORRELATED BIOMARKERMONITORING ....cccoiiiiiiiiiiiiieiieeee e cneees 102
4.1 Supplemental Health Monitoring for Wearable Rehabilitation.................... 102
4.2 Multi-modal Eleatochemical and Biophotonic Wearable Platfarm.............. 104
o R | 1 {0 [ Tod 1 o] o PR 104
4.2.2 System Design & Implementation.................ccceeiiiieeeeeeeivniiinn, 107
4.2.2.A System EIeCtroniCs............ooooiiiiiiiiimenn e 107
4.2.2.B Lactate & pH SENSQL........cooviiiiiiiiiii i ieree e 111
4.2.2.C Data PrOCESBI......uuuuiiiiiiiiiiiiiiiiieeeesieee et smmne s 112
4.2.3 Experimental ProCcedurt...........coeeeeeiiiiiiieeei e 117
4.2.3.A System Characterization and Validatian......................... 117
4.2.3.B High Intensity Exercise Testing Procedure...................... 118
4.2.4 RESUILS & DiSCUSSION.....uuuuiiiieieeeeeeeeeiieeeiee e e e e e e nnneeeeeeees 119
4.2.4.A System Charderization & Validation.................c.coeeeeeeeeee 119
4.2.4.B High Intensity Exercise Testing........ccccuuvveeeeeriiiieenvnnnnnnn 125
4.2.5 Conclusions & FUtUre WOrK.............ceeeiiiiiiiiiieeeiiiiieieeeeeeeeee e 129
4.3 Ultra Low-Power Electrochemical Sensing Platform for Stress Monitoring130
G 700 N | 1 {0 [T £ o PP PP EPUURRPRRR 131
4.3.2 Materials and Methods...........ooovviiiiiiiiiireeeeeee e 133
4.3.2.A System EIeCtrONICS.......ccceiveeeeeeiiiiiiiieeee e 133
4.3.2.B Biochemical SENSOIS..........ccvvveiiiiuiiiimeeeeeeeeeiiieae s 134
4.3.2.C Experiments for pH, chloride ion, NPY, and Cortisal....... 135
4.3.3 Results and DiSCUSSIQIN............ccevuuuuuuimimmmreeieeeeeeirnnnnnnnne s smeeesnnen 136
4.3.3.A Power Consumption Breakdown....................ovvvveemeeennnnne. 136
4.3.3.B Response to Varying pH and Electrolyte Content........... 138
4.3.3.C Sensitivity toNPY and Selectivity Against Cortisol........... 139
4.3.4 Conclusions & FUture WorkK.........ccooeeeeeiiiiiiiieeeee e 140
4.4 Potential Rehabilitation Applications............ccooouiiiiiiieeee i 140
CHAPTER 5: CONCLUSION. .. oot e e mmr e e e e e e e e e e eean emas 143
REFERENGCES..... ..ottt eeee sttt e e seene sttt et et e e e aaeeaeaeesammeeaaeeeeaaeeessannnnns 145

Vii



Table 2.1

Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 3.5

Table 3.6

LIST OF TABLES

System San rate (Hz) at different sensor network dimensions. Dimensions range
from as low as a single cross over point (1 x 1) to 12 columns and 8 rows. The
presented system balances size and scan rate using a 5 x.6.array.......... 29

Impulse response ghand transfer function @l equations for the effective spatial
low-pass filter introduced by the electric potential averaging effect of an electrode
as a function of its size. They represent a circular electrode with nadiog a
redangular electrode with sidesandb, both with frequency componerfisandfy

in thex andy directions respectivelyl; is the Bessel function of first kind and first

(o] o (=) [ 2 TP PP TP URTPPPP 53

Summary of common EMG contamirtarand methods for their prevention and
mitigation. Original table modified from [125]...........ccooeiiiiiiiiiiccecceeen. 58

Survey of select academic wearable SEMG systems with applications relevant to
neural rehabilitation...............cooooiiiii e 75

Survey of select commercial wearable SEMG systems with potential applications
for neural rehabilitation................cccviiiiiiee e L O

Survey of select research wearable systems utilizing various motion sensing
techniques for neuraehabilitation....................ooviiiccc e 77

Survey of select commercial wearable motion sensing systems with potential
applications for neural rehabilitation...................oiiiiiccceeeec e 78

viii



Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

LIST OF FIGURES

Overview of the textildbased sensor syste (a) Diagram of a lowdimb
prosthesis and core layers of the RLSI. (b) The anterior region of the residual limb
targeted by the systemdébs sensing area.
and output with a measured prosthetic socket under laad $ome dynamic
movement such as body weiggftifting or walking. (d) Complete textHeased

sensor system worn by a unilateral transtibial amputee subject over the liner layer
shown outside (left) and inside (right) the socket.............ccoovriiiiieeen 25

System electronics and sensor architecture, operating principle, and integration. (a)
Schematic of textildased sensor array, illustrating the fabric dielectric and two
types of sewn threads (column and row) electrodes used to paralel plate
capacitors at their overlap points. (b) Schematic of sewn column, row, and ground
yarn layout denoted by blue, red, and black lines, respectively (left), and picture
showing the same | ayout integrasthetid i nt o
sock (right). (c) Block diagram of the custom data collection electronics and
external device connection options, with sensor row yarn connections listed as R1
R5 and columns as &15. (d) Numbered arrangement of capacitive pressure
sensing pixel$isted in order of scan sequence. (e) Combined sdusotionalized
prosthetic sock and data collection PCB system (left), physical layout of pressure
sensing pixels matching the prior described orientation and order (center), and the
component breakdowand threado-PCB sites of the data collection PCB (right).

Screenshot of the custom data aggregation program developed for the system.
Measurements are transmitted by the sys
USB connections to an external device running the program which provides data
recording and redgime data visualization as both transient tisegies and spatial

heatmap plots to assess device operation during .USe.............cceeverieeereneenn. 28

Benchtop demonstration and validation results. (a) Physical layout and labeling of
row (R1-R6) and column (GLC5) yarn lines. (b) Variation in pixel response under
100g, 50g, and 20g weight application.

heatmap . (d) Response of the sensor arrayd
100g weight. Sensor response to the application of a 100g weight using a (e) square
and (f) triangle shaped ODJECL..........covviii e 31

Able-bodied testing ofthe system using a bekhee adapter to simulate the
prosthetic socket environment. (a) Modified version of the sensor system using a
commercially available compression sleeve for ddaldied compatibility worn by

an ablebodied subject both outside (lefienter) and inside the bekriee adapter
(right). (b) Weight shifting experiment stances and corresponding spatial heatmap
results. (c) Timeseries plot of a representative pixel (#18) and vertical GRF during
weight shifting cycles. (d) Walking experintegait stages and their corresponding
spatial heatmap results. (e) Average response of a representative pixel (#18) and
vertical GRF over 10 gait cycles during walking. (f) Response of all sensor pixels



Figure 2.6

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

(fF, black) and vertical GRF (N, orange) during weighifting and (g) walking.

System testing on a unilateral transtibial amputee. (a) Complete functionalized
prosthetic sock sensing system worn by the subject outside (left) and inside the
prosthetic socket (centeright). (b) Weight shifting experiment stances and
corresponding spatial heatmap results. (c) Temees plot of a representative pixel
(#23) and vertical GRF during weight shifting cycles. (d) Walking experiment gait
stages and their corresponding sgdateatmap results. (e) Average response of a
representative pixel (#27) and vertical GRF over 10 gait cycles during walking. (f)
Response of all sensor pixels (fF, black) and vertical GRF (N, orange) during
weight shifting and (g) WalKiNg...........cooiiiiiii e 36

Approxi mate representation of a single
Transmembrane current flow with indicated polarity and current direction. (b)
Spatial profile of current flow in and out of the membrane and its appeatei

tripole representation. (c) A linear set of electrodes and amplifiers for measuring

the voltage distribution from the surface of the skin. (d) Color coded distribution of
voltage across the surface of the skin [124])............ccccvviviiieeen e 49

Spatial lowpass filtering effect of a rectangular surface electrode. (a) Impulse
response of a square electrode; (b) transfer function of a square electradesfor
mm; (c) Section of the transfer function in the plalkes0 orfy = 0; (d) Setion of

the transfer function in the plangs= fy (45° with respect to the reference vertical
pl anes) . Th e -off freguenciaslare indidatedeby dasheddined [127].

Spatial lowpass filtering effet of a circular surface electrode. (a) Impulse response
of a circular electrode; (b) transfer function of a circular electrodd fof0 mm.

(c) Section of the transfer function in any direction passing the origin. See caption
Of FIQUIE 3.2 [127 ettt 55

Overlapping distribution of surface intensities as a result of point sources some
distance away. (a) Twdimensional distribution of intensity generated by a single
positive point source charge at depth h below the seurfd) Partially overlapping
distribution of intensities generated by two point sources. (c) Profile of surface
intensities along line L. Crosstalk and overlapping surface intensities were
discussed in relation to point light sources in [128].........cccovvviiiiiiieenncnennd 60

Representation of the erad-fiber effect. (a) Tripole extinction representation. The
first current pole stops at the end of the fiber; as the second current pole continues
to propagate, the dipole formed between them nartoMisit is eliminated. The

final dipole between the remaining current pole and the third current pole then
narrows and is eliminated as well. (b) A linear electrode array placed over a
simulated motor unit. (¢) Simulated results of (b) with monopolazatien. (d)
Experimental results of (b) with monopolar detection [124].................c..... 61



Figure 3.6  Three different electrode configurations and their results when monitoring a
simulated motor unit action potential as arbitrary units (a.l)ectrodes are
arranged as a linear array with 16 points. Arrangements are (a) monopolar, (b)
single differential (SD), (c) double differential (DD), Distortion present at the edges
of the electrode array are due to dredof-fiber effect a phenomenonistussed
later on in this work. Both SD and DD methods somewhat mitigate this distortion

Figure 3.7 Schematic diagram of a linear electrode detecting two propagating motor unit
action potentials. 16 electrodes produéemeasurement channels as a result of
their arrangement relative..t.a..t.h83 instr

Figure 3.8 sEMG detection performed with a tveimensional electrode grid. (a) Schematic
representation of an electrodedgwith 8 rows and 8 columns. Each electrode can
be taken with respect to a shared reference point to achieve a monopolar detection
scheme or as the difference between two adjacent electrodes to achieve a bipolar or
single differential detection methodb)( Time sampling of each channel for
monopolar and (c) single differential detection. (d) Spatial representation of the
SEMG signal as the root mean square value (RMS) of each channel over specific
time intervals to produce a series of image maps [124]...........cccccvvvvvieennne 64

Figure 3.9  System electronics and wearable integration of the NeuroRehab platform. The
electronics are divided into central, SEMG, and strain/motiomsatiules which
interface with the platf onand an esenals or s
software aggregator over Bluetooth. Sensors and electronics are integrated onto an
armband forrfactor to produce a reusable, wearable system. Platform
performance was validated with a benchmarking system incorporating both
commercial brss rivets for SEMG electrodes over the biceps and triceps and novel
AgNW strain sensor over the elDOW...........iiiiiccee 80

Figure3.10 Results from the platformés AgNW dry el
tested over a variety of wearablerrfefactors. All tested were performed by
measuring 8 channels of sEMG data from the biceps during biceps/triceps
coactivation. Differences in signtd-noise ratio between different forfactors
and different channels within the same fefantor are primaly driven by the
relative magnitude of 60 Hz powerline interference, a signal contaminant
associated with poor or unequal electrsln interface contact of channel
L= [T o 0T [ S 93

Figure3.11 Mul t i pl e muscl es mo n-chanmel vardbnt..Cpmnteftial gep | at f
el ectrodes were applied to the subject 6:
(T), lateral deltoid (LD), and anterior deltoid (AD) who then performed four
exerciss with 15lb dumbbells. The most representative channel associated with
each muscle is shown for each exercise..........ccccovvvviiieriiiiieeeeiiin 94

Figure 3.12 Combined sEMG, strain, and motion sensing with the commercial benchmarking
system. Commercial gel ekeades trimmed to 4mm 4mm squares were applied

Xi



over the subjectds biceps and an AgNW st
elbow. The subject performed three sets of biceps curls (left) followed by 60s of
continuous biceps curls (right) using aving machine. Data from all three sensing
modalities was measured simultaneously...............oooooiiin e, 96

Figure 3.13 Joint neuromuscular coordination and motor execution monitoring with the textile
armband benchmarking system. SEMG electrodes \westtioned over the
subjectbés biceps and triceps and an Ag
subjectodos el bow. The subject performed t
activity from biceps (top) and triceps (bOttOm)........cccoeeeeeeeiiiiiiieeeiee e, 97

Figure 3.14 Fatigue detection with the textile armband benchmarking system. The subject
continuously performed biceps curls at a comfortable pace until they failed to
complete the movement. Transient SEMG, strain, and motion throughout the
exercise arepresented (top) along with the median frequency of each sEMG
channel over time (bottom). A decline in the median frequency of channels located
over the biceps can be seen as the exercise continued and the speed of elbow strain
CRANGJE SIOWET.... ...ttt nne s 98

Figure 4.1  (A) Lactate generated from anaerobic metabolism of glycogen and glucose in tissue
is shuttled through tissue, blood, and sweat compartments as both an energy source
and signaling molecules, of which the process may be monibyr@deasures of
sweat lactate and tissue oxygenation. (B) A modular wearable electrochemical
platform (MWEP) for multimodal physiological monitoring was developed. (C)
Photograph of the MWEP worn on the forearm and (inset) underside of the MWEP
showing tle biophotonic sensors facing the skin. Multimodal monitoring of related
physiological dynamics during physical activity were demonstrated, including (D)
electrochemical lactate and pH sensing and (E) optical local optical tissue
(00746 1] 4 F= 11 (0] o W PP PP PPPPRP 106

Figure4.2  (A) Block diagram of the MWEP's Main Module and Optical Module. Pictures and
relevant component labels of (B) main module-sage, (C) optical expansion
module, and (D) optical module biophotoniC SENSOL..............ceeieiiiieennnns 108

Figure43 Functi onal bl ock diagram of the MWEPOS
arrangement. The LMP91000 measures current flow through the electrochemical
cell and generates a proportional output voltage. This voltage is converted to a
digital code by the ADS1115 ADC and read by the BLE113 central SoC/BLE
controller. A digital communication bus enables LMP91000 configuration by the
2 I 5 PSSR 113

Figure44 Cal i bration results of tedeTheMiVgiRwrent el e ct
was applied across the WE and shorted RE/CE pins using a Source/Measure Unit
while recording the froréendds output vol tage. Thi s
converted into a current value using ideal system parameters (Red) and parameter
from a fitted trendline of the output voltage compared to the input current (Green).

Xii



The parameters of this latter method have been used to calculate the currents
presented throughout the Study...........ccoooiiiiiiiiiccc e 116

Figure 4.5 (A) Lactate sengofunctionalization. The flexible PCB pads were coated with a
carbon paste containing Prussian blue as an electron mediator. A LOx solution was
applied, allowed to dry, and sealed with a diffusion membrane. (B) pH sensor
functionalization*: The pH sensoedtures a carbon paste coating with polyaniline
electrodeposited onto it. (C) Average chronoamperometry response of lactate
sensors (n = 3), as measured using a benchtop potentiostat (Gamry 600+) after
exposure to varying lactate concentrations for 5 rAm.expected response was
observed where higher lactate concentrations corresponded to increased current
magnitude. (D) Average chronoamperometry response of lactate sensors (n = 3),
measured with the MWEP in lactate solutions after 5 min showed a siraridrtd
that observed with the benchtop potentiostat. (E) pH Open circuit potential response
measured with the Gamry 600+ of pH sensors (n = 4) in standard pH huffrs.

Figure 4.6 MWEP validation results. (A) Power consumptibreakdown of the MWEP

operating with only its main module and with the optical module included. (B)
Biophotonic cuff occlusion validation results showing raw photodiode output for
both 770nm and 860nm wavelength channels and calculated CW NIRS relative
hemoglobin and tissue oxygenation change. (C) PPG heart rate validation results
showing MWEP heart rate versus gold standard PPG and electrocardiogram (ECG)
heart rate during a high intensity exercise procedure. Increasing intensity phases
are denoted by sHad regions...........ccccuiiiiiiiiii e 123

Figure 4.7 MWEP outputs of (A) heart rate and temperature sensors, and (B) motion sensors
for 6 people undergoing hightensity exercise. Increasing intensity phases are
denoted by shaded regionS.............uuueeiiiiiicceeer e 126

Figure 4.8 MWEP outputs of (A) electrochemical biosensors and (B) biophotonic sensors for
6 people undergoing hightensity exercise. Increasing intensity phases are
denoted by Shaded regioNS...........uuuuiiiiiiiiiieeiiiiiie e 127

Figure 4.9 Thewireless electrochemical sensing platform integrated onto a-woist strap
and 150 mAh lithium polymer battery for wearable NPY sensing in sweat. A
detailed electrode diagram is presented in a prior work [279].................. 132

Figure 4.10 Block diagram of the LESS platform............ccccciiiiiiieeniiiees 133

Figure 4.11 a) Both sides of the LESS printed circuit board with labeled core system
components. b) System power cansl@/mpti on

Figure 412 |-V curves of pH (a) and ionic strength (c) Data collected with LESS for five PBS
strength buffers, indicated as x 10 mM PBS. b) VGD versus pH to demonstrate
Nernstian response of the PANI electrode. d) Current shift as a percent change over
PBS stragth buffers plotted on a setaigarithmic axiS............ccceeeeeeiiierenne. 138

Xiii



Figure 4.13 Calibration plots of NPY and cortisol sensing performance of the LESS platform
compared to a benchtop configuration. Data was plotted on daganithmic axis,
fit with logarithmic trendlines, and with £1 STD error bars....................... 139

Xiv



CHAPTER 1: INTRODUCTION

Neural rehabilitation is a healthcare process which aims to facilitate the recovery of loss of
function from neurological disorders or related medical conditions through the incorporation of
neuroscience research to address nervous systenmchysfuin patient§l]. Herein, this definition
is expanded to encompass the rehabilitation of lost motor function through assessment and
treatment of the neuromuscular and hemodynamic elentesgpends on. In either case, neural
rehabilitation is an extensive, muttisciplinary, and often costly process requiring patients to
reside in or make frequent visits to a place of ¢aelinic or hospital for treatmen{2], [3], [4]
The process often involves a cyclic process of assessment to obtain information from the patient,
administer treatment interventions guided by this informmat@and reassessment to observe
intervention outcomes, such as in the case ofgtoske and posspinal cord injury rehabilitation
[5] and in the development of custditied assistive dvices like amputee prostheses [15]. For
many conditions, quality of and access to neural rehabilitation services are associated with
improved treatment outcom¢§8], correlating withhigher rates of independence in activities of
daily living [7], reduced need for loAgrm institutionalized caf8], lower mortality{8], improved
chances of neurological recovd®y, and an overall enhanced quality of [#®]. Improving either
or both of these two elements, quality and access, can therefore benefit patients in need of this
form of care.

Alongside these needs, dwances in miniaturized computingsensing, and
telecommunication have given rise to a rapid growth of wearable systems across a wide range of
applications. From their origin as consurA®rel fithess gadgets, wearables continue to evolve in

the direction of medical devices, promising eenient, personalized health monitoring and



enhanced treatment over conventional clinical practice with a redieghdence on 4patient
care[11], [12] The use of prescriptieanly medical wearables is already well established in
clinical practice, as is the case with continuous glucose monitoring systems (GCMs) for diabetes
management and electrocardiograB€(G) patches for cardiac arrhythmia detecfibf]. Such
wearable healthcare systems are of pdeidaterest tadheneural rehabilitatiofield, where their
potential advantages lend well to its need for quantitative meagl®Bgs[14] continuous
monitoring[15], and expanded access to care through home and community based fdagjtices
Despite these opportunities however, wearable neurabrgation techologiesi and wearable
healthcare systems in generatontinueto face numerous barriers ftreir widespread clinical
adoption[11], [17] The frequentevelopment of wearable technology with potential relevance to
neural rehabilitation as general use systems ratherdhas tailored forspecific conditios,
treatments, or useases which possefiseir own particular eéquirementsand constraintgould

playa role in this. Such systems often fail to operate withepractical limits imposed by clinical
realities, with needs regarding compliance for fitting withinddearance assistive devidds],

[19], easeof-use of emote patient$l6], usability in a variety of environments while meeting
individual user need4 7], and wearabity and breathability for longelerm use often going unmet

[11], [18] Failure to access the types of information relevance to a particular condition or treatment
is also common. Many systems offer only a single sensing modality or set of modalities which fail
to offer a complete picture of the conditions or treatments they may be applied to rigfjitor
Some fail to meet measurement capability requirements for sensing modalities they do provide
support for{11]. These shortcomings limit the potential advantages wearable healthcare systems

have over conventionalinical practice.



Despite these challenges, the development of wearable neural rehabilitation systems could
serve as a means to achieve improvements in both quality and accessibility of care. Wearable
systems have the potential to make new types of gative measurements possible during patient
assessment or to make existing types cheaper or more convenient to[@dip[@2] They enable
further personalization ofgtient care guided by the large bodies of information generated through
their continuous monitoring capabiliti¢3], can permit unconstrained movement and reduced
behavioraltering encumbrance for patients during measureni@dis and allow clinicians to
collect data from patients in their actual daily environments through remote monit@sihg
Incorporating this form of remote monitoring into home and community based rehabilitation
programs can also serve to improve access to care and reduce the need for frpatient visits
while offering enhanced easé-use forpatients compared to conventional remote care methods

[4], [16]

1.1 Dissetation Objective

Mediating betweethe recenadvance®f wearable healthcare technology and the clinical
needs of neural rehabilitation practice demands the development of appigjaimfic wearable
rehabilitation systems which target the requiremeotsstraints, and sensing parameters of
interest of particular conditions, treatments, and-aases. As such, this dissertatiseeksto
identify potential areas for the applicationtb&setechnologies and undertake the research and
development necessato realizesystems which satisfy their needsis objectives divided into
three aims, each focused on employing wearable technologies for a different rehabilitation use

case.



a) Prosthetic SocketInterface Monitoring

The shortcomings of conventional iskgatimb socket interface monitoring technologies
and the needs of existing amputee rehabilitation practice were both investigated and assessed
against the capabilities of emerging texbi@sed sensing and wearable integration technology for
a range ofrelevant physiological parameters. A novel texitsed pressure sensor system
integrated into an existing layer of the socket interface was developed, characterized, and used in
a proofof-conceptcasestudy involving a single amputee subject to dematssiits feasibility for
nortintrusive, wearable, lontgerm monitoring of the prosthetic socket environment by
prostheti st s .ntribltioes incleles laawapdinmivare andsoftwaredesign and
developmentdesign and operating principle of angeentintegrated, capacitive pressure sensing
network, and validation of these elements across bothballied and amputee subject pradf

concept studies.

b) Home and Community Based Stroke Rehabilitation

Modern neuromuscular coordination and motor exeoudissessment technologies were
exploredto determine their potential for enhancing the quality and accessibility of stroke
rehabilitation care through their use in a combined, wearable assessment platform. Their
underlying instrumentation concepts and igles considerations, and clinical assessment
applications were investigated and compared against the current landscape of commercial and
academic ecosystems. A fully wearable stroke assessment platform incorporating novel
conformable surface electromyogrgpelectrodes, novel strain sensors, and motion sensing was
then degined based on these factors with the aim of assessing characteristics and correlations

between neuromuscular coordination and joint angle change of the upper limb as a quantified

assessméntool for postst r oke newur al rehabilitation treat



includehardware, firmware, and software design and developmesarable integration, and the
validation of the platfor més u nehabittatignithnoggh me a s u

its use on a healthy subject as a probEoncept demonstration.

c) Supplemental Health Monitoring for Treatment Evaluation and Assessment

Two mult-modal wearable biochemical sensing platforms were evaluateshohtop and
human sulgct casestudies to demonstrate their capabilities for-imorasive correlated detection
of sweatbased metabolites, optical tissue oxygenation, and tertiary physiological measures for
general healthcare monitoring such as heart rate, skin temperaturaGtianitgt level. Potential
uses of such systems for supplemental health monitoring devices alongside primary rehabilitation
procedures as a way to provide a more comprehensive picture of patient status were explored based
on these out c o comtsbutions madudéheedevelapmenhod tevo different multi
modal wearable health monitoring platforms, validation of theirineasive sensing capabilities
through benchtop and human case studies, and an exploration of potential avenues for their future

use in rehabilitation assessment applications.

1.2 Dissertation Structure

Each chapter focuses on one of these three overall aims. Chapgng with a summary
of thechallenges faced by amputees, the importance of prostheses for their rehabilitattbe, and
limitations of current conventional manufacturing and maintenance proce€bsess. followed by
a brief history of socket interface monitoring technology, an examination of the modern tools
available today, and the translational barriers they stiél.f&olutions to these barriers are sought
through a review of statef-the-art textilebased wearable health monitoring technology. The
design, development, and-wvo evaluation of an integrated, textibased capacitive pressure

sensor system is thengsented with the goal of overcoming many of these barriers.



Chapter Jrovides information on neurological disorders, their impacts, and the primacy
of stroke as the leading cause of death and disability among them. Both conventional and emerging
rehabiltation practices are discussed along with current limitations which wearable rehabilitation
systems may serve as solutions, with particular attention given to the need for home and
community based care to improve access to care in many regions of the $worldce
electromyography, strain, and motion sensing are identified as three of the most relevant sensing
modalities for monitoring stroke rehabilitation and their relevance, instrumentation techniques,
applications to stroke rehabilitation, and statecofrent technology is reviewed in detail. A
wearable stroke rehabilitation assessment platform which combines all three sensing modalities
into a conveniently worn armband fotfiaictor is then presented, including its design, integration
of novel and comnreial sensors, and validation of its core functionality through several healthy
subject experimental procedures.

Finally, Chapter 4discusses the potential to provide improved supplemental health
monitoring of rehabilitation patients by combining weardble al t h moni t ori ng t ec
range of sensing capabilities into wearable, muthdal platforms which can accompany the
primary rehabilitation approaches of clinicians. Two of such systems are introduced and described
in detail. Potential rehabiliteon applications for the sensing modalities possessed by the two

systems aréhen explored to establish possible paths forward for future research.



CHAPTER 2: TEXTILE -INTEGRATED PRESSURE SENSING FOR MNIMAL

ENCUMBRANCE RESIDUAL LIMB SOCKET INTERFA CE MONITORING

2.1 Amputees and Fosthetic Sockets

Amputation is a major cause of disability worldwjidéten originating from diabetic foot
ulcers, peripheral vascular disease, osteosarconteaumal26], [27] which severely impairs
human mobility and functioand imposegnormoushealtheamnomicburdens globallyf28]. In
2017, 57.7 million people were estimatede living with limb amputation from traumatic causes
alone[29], while solely within the US150,000 major lower limbmputationsre conducted each
yeardue to peripheral vascular disease or dial@@js In additionto lifelong healthcare cosis
excess olUS$500,000per patien31], lower limb amputeesace reduced mobility, decreased
physcal activity, pain, anxietydepression, challenges with employment, and overall reduced
quality of life compared tahe general populatidi2], [33]

Consistent prosthesis use among amputees has been shown to contribute to reduced
secondary health issuasd an enhanced degree of functional independence, with intresese
associated with higher employment levels, decreased phantom limb pain, lower incidence of
negative psychiatric symptoms, aaa overall increase iquality of life [34]. Despite this, fewer
than 50% of amputees wear their prosthesis reguladlly Design of the prosthetic socket, the
component which servess the site of attachment betwetie prosthesiandt he amput eed
residual limb[35], is one of the most influential factors for this. Poditied sockets can lead
patients to suffer moderate to severe discomfort frioar use with frequently reported issues
including dermatologic q@blems such as pressure ulcers, blisters, cysts, skin irritation, and

dermatitis along with more severe, deep tissue injuries common with the use of higher load, lower



limb prostheses as a result of physiologically inappropriate force distribution,stfesas, and
soft tissue deformatiof35]. These adverse conditions not only demand theirtosatmentvhich
can restrict prosthesis usethe shorterm, but often push amputees to abandon their prosthesis
entirely over the longerm[19].

Poor socket fii £orrespondingissue damage is a consequence of the biomechanical
conditions imparted on the residual limb by a prosthetic sg8k¢tandtherefore emergesom
the nature of prosthesemd their conventional production process Understanding both is
essentialProsthesis systems can be broken down into three core components: the residual limb,
the prosthetic limb, and the socket which joins thg@j. The site of atachment forms the residual
limb socket interface (RLSI) where the soft tissue of the residual limb serves as the interface
between bone and the rigid materials of the prostiigS]sDue to the unique geometry efery
amput eebs ,reach socket anust be demghnndividually i a laborintensive process
dependenbn iterative adjustments made by a prosthetist until a design is achieved that satisfies
anidi vi dual pat i e [B6].0r'ke lapkaof quanttfiable ameasuremedidring this
process leadprosthetic socket fitting todomore of an art than a scienocemany case$37].
Numerousd eci si ons during the process are made
experience rather than objective d§d8]. Very few studies report the use of any detailed
measurement parameters of socket fit and those thatodl rarely identifystandardized,
validated, or quantitative metho[B9]. Instead, tle process heavily relies on clinical observations
from the prosthetist supplemented byjsative feedback from the pati€@9], a method further
complicated by the prevalencé @aompromised sensory capabilitisBamputeepatients due to
amputatiorassociated nerve dama@#b]. Modern socket interface designs often incorporate

additional layers beyond the core three components to wamacket fit. These include a gel liner



to better attach to and cushion the residual limb and optional textile layers to redistribute heat,
wick moisture, or temporarily improve socket fit with additive layers to account for volume
changes in the residuiahb [19].

Numerous challenges faced by amputees during the daily use of their prosthesesland whi
originate from its production processes could be better managed with tools designed to monitor
the socket environment with objective measures. The list of potential phenomena of interest here
is extensive. Wetness and temperature monitoring device loewlded to assess the quality of the
socket i nterfaceds heat conduction and moi st
comfort and health as many amputees suffer from thermal discomfort during their regular activities
that can lead to an incread sweat rate which worsens discomfort, skin breakdown, and risk of
acute infectiorj34]. Infections of this kind are a common and expected occurrence for amputees
[40], and thei early detection is crucial for reducitige risk of complicationpt1]. The use of pH
sensing tools within a RLSI monitoringsggm could provide a means to detect the sudden change
of pH associated with the presence of infection as well as assess the state and progress of wound
healing in the case of certain forms of soft tissue break{2jn[43] Biopotential sensor systems
could also be employed to capture electromyograidnals from the surface of the residual limb
for active prosthesis control or clinicasessmersuch aghe evaluation ochmputee gait through
muscle activation patteri44].

However the most significant of these RLSI monitoring toalish respecto improving
socket fit is by far,the inclusion of pressure sensing elements to provide quantified insight into
the spatial pressure distribution of the socket environment. The ability to accurately, quickly, and
easily quantify thenechanicaktresses present withihe prosthetic socket interfaasuld be an

indispensable tool for the prosthetic fitting process as it would allow prosthetists to locate regions



of high and low pressure across the interface, correlate these pressures with pressure tolerant and
sensitive regions across the residual limb, and decide on intervention strategies based on these
objective, quantified measuremerdather than, or at least alongside, their own personal experience

or the potentially limited subjective feedback of amputee patjidrisThe need for such a system

has led the pursuit of quantified RLSI pressure distribution assessment technology to be an active
area of research from as early as the 1986% This is the subject of the present chapter, which
provides a brief review of edemporary technology and obstacles, an exploration of a promising
new avenue for furthering its development, and a novel demonstration of this potential through
both simulated and real amputee studies for achiexaograte, reliable, and accessible RLSI

pressure monitoring

2.2 Modern Socket InterfaceMoni t ori ngés Transl ational Barri
A vast range of research systems and commercial products for monttwifogce and

pressure distributionft he RL S| have emer ged aotigty Thefirg f i el

of these was the externallgounted strain gauge, small patches of silicone or metal that exhibit a

change in electrical resistance in response to applied force. The devices are simple, accurate, and

sensitive to both normal and shear forcesssthe RLSI, but possess significant drawbadkish

haveconfined their usalmost entirelyo research setting§hdr need tdeplaced at isolated sites

of interest results in low spatial resolution, while their physical bulk and weight when ajplied t

prostheses risks distorting the stress profiles they aim to measure, generating stress concentrations

at their edges, particularly at curved areas of the residual limb, due to their stiff ba¢knst) of

all, their use requires special modificationsoexisting sockedr the production of a new socket

for their installatioras strain gauges must be externally mounted on the socket wall through drilled

holes[45]. Along with further distortion of the typical pressure distribution across the RLSI, the
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modification process itself is costly, laborious, and largely unfeasible for a commercially available
system[35]. These limitations have impeded use of this technique in clinical settexyste

certain advantages in accuracy, low hysteresis, and their ability to capture both normalaand sh
forces compared to other approac[8, [45] Piezoresistive sensors, or force sensing resistors,
have largely superseded the use of strain gauges for RLSI monitoring in both research and clinical
spheres in large part due to their thin construction, small spatifilep flexibility, sensitivity,

simple construction, and relative ease of[4& These characteristibelp toovercome mayof

the limitationswhich hinderedhe adoptionof strain gauges, chiefly the need for costly socket
modificationfor external mounting, by instegukrmitting heinsertion ofsensos directly inside

the prosthetic sock¢B5]. This in addition totheir low monetary coshasmade the technology

an attractive option for both clinicians and researchidrsy are not without issues of their own
however.Piezoresistie sensing solutionsave been shown tuffer hysteresis, drift error, and
sensitivities to shear forces, temperature, curvature, and loadin[@s§tdhough thesensors
themselves are | imited b-pointnated pssuseesensingmasoar e a o
sheets have been produced by arranging multiple piezoresistive sensors in array layouts to
overcomethis [45]. Capacitive sensors have found use in RLSI monitoring applications as well,
sporting many of the same desirable characteristics of piezoresistive sensors inclidimg a
flexible construction which can be inserted directly inside the socket interface to avoid any socket
modifications[35], [45] While their operation requires the use of more sophisticated electronics,
they have been found to offer higher sensitivity, lower temperalependence, lower power
consumptionimproved frequency responsarger dynamic rangeand, in some architectures, the
ability to measure both normal and shear foraesmportant capability thaiezoresistive devices

often lack[35], [45], [46] Susceptibility to crosstalk, electromagnetic interference, and humidity
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are its most significant limitations, wdti may demand still further complex electronics to filter
out undesired signal components in ma#nsor arrangemen{g¢6]. Beyond these, newer
technologies such as fiber optic, fltfidled, and Eskin sensors have also emerged with potential
application for RLSI monitoring in recent years but currently remain largely experimental in nature
[35].

Several commercial products employing these fundamental sensing technblamgtes
been developed and are available for prosthetic socket applicatibrst. of them are
piezoresistiven nature, often arrays of FSRs to prodpecessure sensing matsith by far the
mostpopularproduct being the TekscanSocket system (Tekscan, Boston, MA, U.S.A.) which
boasts 96 sensing points formed into sixteen rows and six columns, each capabéswaing
pressures betweer317 kPd45], [47] The system igbleto beused without any need to modify
an existing socket design due to its suffithethin profile [45] and haseen designed for ease of
use in clinical and socket fabrication settings, providing-ties visualization of pressures,
automatic report generation, and manufactprervided software for calibration, data collection,
and analysi§35]. It has been the subjeaf research from as early as 1998], with investigations
into its validity and reliability for clinical settings beginning not long afi4®]. Other popular
products include the Rincoe et Fitting System (RG Rincoe and Associates, Golden, CO,
U.S.A.) which comes equipped with 60 sensing points distributed through six 0.36mm thick strips
containing ten FSRs ea¢h5], the TACTILUS tactile pressure sensor system (Sensor Products
Inc., Madison, NJ, U.S.A.), Flexiforce A201 (Tekscan, Boston, MA, U.S.A.), Loadpad mobile
FSR (Novel gmbh, Munich, Germany), and the I®BIT system (Adapttech Inc., Birmingham,
United Kingdom), all of which utilize flexible FSR arrays or printed circuits thin enough to be

inserted inside the socket interfd88]. Alongside these is also the Pliance system (Novel gmbh,
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Munich, Germany), distinguished as one of the few popular commercial products utilizing a
capacitivetype sensor architecturegntainingof 96 sensing points mounted on a silicon sabst
[18] and offering higher sensitivity and lower temperature dependbacemost m@zoresistive
type devicess a result of its capacitive desi@b]. All across the field of commercial products,
however, mospossess inherent limitations with respect to their accuracy, hysteresis, sensor drift,
or environmental sensitivity which risks altering the accuracy of their resuks if this can be
accounted for by calibration in some casBlewer sensing techniqueshose largely still
constrained to experimental stagéslevelopmenthave demonstrated betterfoemance in these
areas due tmherent properties of thetiransduction methods and design, but much of the current
literature investigating these apprbas fail to report these metrics, making it difficult to draw
reliable comparisons between thg8b]. Furthermore, an important, and perhaps overlooked,
consideratin is that the vast majority of these sensors, both their commercial and often their
experimental research forms, are introduced as disesdtgnallayers which are inserted into the
socket environment in direct contact with the patient. This may alissemfort for the patient
during loading or otherwise induce changeth@nmechanics of the prosthesis, potentially altering
the interfacebds typical pressure distribution
dynamic natur¢35]. Al | of these can | ead to qu[@%tions oV

A list of requirements andonstrains for suitable RLSI monitoring systemscan be
extracted from the specific nature of the socket interface environment, clinical considerations of
its produciton and maintenance processes, and the limitations and concerns of available research
and commercial monitoring systems that are expressed in current literature.

This list consists of five pointsn whicha suitable RLSmonitoring system

1. Mustnotaltet he RLSI 6s typi cddetotsrinelgsorur e di str i bu
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2. Must not modify mechanical and weight characteristics in a way that would affect or
obstruct typical patient movement dynamics
3. Must be usable with typically available sockets / require no nuoadiifin to existing sockets
4. Must be accurate, reliable, and insensitive to temperature, humidity, and other
environmental factors present within the RLSI
5. Must be easy to use, durable, wearable/comfortable, and relativepyoler to facilitate
adoption inb clinical applications
While a number of these points have been addressed by the development of modern RLSI
monitoring technology, such as commercial products no longer needing to modify existing sockets
and the calibration of commercial systems and agreent of new experimental techniques to
improve performance and mitigate environmental sensitivity, others continue to go unaddressed.
Even the most popular RLSI monitoring tools remain somewhat spatially limited and fall short of
the flexibility, breathahility, and comfort desired for lomg-term useandretainthe potential for
compromised data validity due to unexpected wrinkling or folding within the socket environment
[18], [19] Al ongside existing efforts to improve R
capabilities, attention must also be given tes#yactical conceno ur | i st dés first,

fifth items, if widespread clinical adoption of thewhniques is to be achieved.

2.3 Textile-Based Wearable Health Sensing

One promising avenue for further advancing the field of RLSI monitoring devices beyond
the limitations of existing commercial and experimental research devicesamfiileymentof
textile-based sens@ystems. The thinness, flexibility, and inherent comfort of textile structures
minimizes the alteration of pressure distribution, mechanical, and weight characteristics of the

prosthesis and socket environmfgr@] while also enabling high conformity to the flexible, curved
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surface of t he h [0} anaking thedny uniguelys aquipped cimeet the

requiements of the application field. Research into texidsed sensor systems have already

demonstrated their ability to detect a variety of phenomena including pressure, wetness,

temperature, strain, and biopotentig4], all of which are notable for their particulareeince

to RLSI monitoring application@4], [52] The extension of this type of sensirgtform into the

field of RLSI monitoring could combine thenique collection of advantages offered by textile

based systems with the same sensing capabilities already achieved by conventional approaches.
Textile-based sensor systems, also calleelx¢iles or smart textiles, can be broken down

into three core components: the sensor itself, which transduces a parameter of interest into a

measurable electrical signal, a processing unit, which samples, converts, and transmits the

electrical signal while proding any power or control operations required by the system, and an

interconnect, which serves to bridge the interface between thetextiéel material of the sensor

and the conventionally metabsed material of the processing (iB&]. While conventional textile

materials are insulating, modifications to thdéa@otrical properties, chiefly their conductivity, can

be made to use them as active sensing and interconnection elghgrtkis can occur at several

different stages of textile production, with a vast array of different materials and processes

available depending onhich hierarchical level this functionalization is to be performef@4t

These hierarchical levels, the structural forntofventional textile products, include the fiber

level, yarnlevel, fabriclevel, and textile produdevel. Numerous processes exist for integrating

conductive materials across them, with embroidery, knitting, weaving, spinning, braiding, coating,

printing, and plating being some of the most popular technigi8sMany different conductive

materials, each being appropriate for different collections of integration techniques, are available

for textile functionalization. These can be broadly categorized inteendihe metallic filament
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wires, including silver, staiess steel, nickel, aluminum, and copper wires, conductive inks, such
as reactive silver, graphene, and carbon nanotube based inks-lcasednconductive polymers,
which include graphene, carbon nanotube, carbon black, graphene oxide, and reducee graphe
oxide, intrinsically conductive polymers, such as polypyrrole (PPy), polyaniline (PANI), and
Poly(3,4ethylene dioxythiophene):poly(styrene sulfonate (PEDOT:HS&]) and conductive
polymer composites, or extrinsically conductive polymers, that combine both conductive and
insulating materials to produce materials such as PEDOTpe§8imethylsiloxane, PRgilver
nanocomposes, PANtcopper, grapherBPy, and PEDOT:PSSNT-G [53], [55]

Each type of conductive material integrated intexdiles has its own advantages and-use
cases. Metallic wires can be integrated by physically inserting the conductive material into textile
yarns, fabrics, and products and offer high conductivity at the expense of negatively affecting
weight, flexibility, and orrosionresistance characteristics of the substrate matéddl [54]
Conductive inks can be applied during the spigmprocess of textile fibers and yarns themselves,
coated or dyed onto fibers, yarns, or fabrics, or printed directly onto the completed fabric or textile
product. Screen printing, inkjet printing, and transfer printing are among the most popular
techniques that utilize traditional, cosfffective conventional textile processes to produce highly
flexible and conformal sensors and interconngs®. Carbonbased conductive polymers are
relatively inexpensive, corrosienesistant materials which can be integrated through similar
spinning, coating, dyeing, and printipgocesses to produce fibers, yarns, or fabrics that have
demonstrated high electrical conductivity, flexibility, and machine washability. Intrinsically
conductive polymers can be utilized in melt spinning, wet spinning, and electrospinning processes
to produce fibers and yarns made entirely out of these materials. They offer goedficasicy,

electrical conductivity, flexibility, and durability despite some undesired mechanical properties
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such as poor mechanical strength and brittlef&&s Extrinsically conductive polymers attempt
to balance these advantageghwimproved mechanical characteristics by blending insulating
polymer matrices, thermoplastics, or thermosetting plastics with conductive fillers to produce
materials which can be used much in the same way as intrinsically conductive p¢b8hdEb]
Regardless of how they are manufactured, conductive fibers, yarns, fabrics, or directly
functionalized textile products t@ been proposed for monitoring the inner socket environment
by forming a range oflifferent sensor modalitiesPressure, wetness, temperature, strain, and
biopotential sensing aras already stategarticularly relevant to RLSI monitoring applications,
and these sensing modalities have seen considerable attention and success in research
environmentsTextile-based pressure sensors can serve as an illustrative example of how other
modalities function within the socket interface. Their most utilized trzrtgth mechanisms are
piezoresistive, capacitive, piezoelectric, and triboelectric technifis Piezoresistivaype
sensors are generally arranged as two flexible electrodes with a piezoresistive layer between them
that deforms under the application of an external pressure stimulusingegula change in the
resistance of the device. These have been constructed from layered functionalized and
conventional fabrics, woven conductive yarns, coated fibers, and similar methods to offer a simple
device structure with high detection sensitiyfiast response time, large detection range, and low
power consumptiofb0], [51] Capacitivetype sensors adopt a similar structure, with an elastic
dielectric layer placed between two parallel plate electrodes which deforms in response to pressure
and produces a measurable changepacigance. These parallel plate electrodes can take the form
of various conductive textile materials including compliant fabrics and individual yarns or fibers.
The dielectric layer may include foams, fabrics, spacers, or soft polya@3r$51] Compared to

piezoresistive sensors, tdgtcapacitivetype retain their general advantages of good linearity and
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low-pressure detection limits and disadvantages of relatively lower sensitivityeaddformore

complex circuitry to operat@5]. Although less common than piezoresistive and capacitive type
pressure sensors, piezoelectric and triboelectric type sensors are notable in that they do not require
external energsupplies for their operation, making them desirable forpower or seHpowered

sensing applications. Piezoelecttype sensors operate by using materials which undergo
polarization in response to the application of pressure, generating positivegate electric

charges that are detectable as changes in voltage or current across the device. These are highly
sensitive sensors with fast response times but their use has so far been limited thasatile
application research. They still remain kalsglimited to integration into newoven materials such

as silicone, rubber, or PDMS substrdt&3. Triboelectriectype sensors utilize the phenomenon of
charge generation on the surface of certain materials during frictional contact with others. This
generated charge can then be drivelmugh a measurement circuit to deduce the mechanical
stimuli which caused it. Use of this principle has given rise to teb#iked triboelectric
nanogenerators, being either fadvased or fibebased, which in addition to harvesting energy

from various lkiman movements, can be used to assess those movements based on the
corresponding electrical signal they genefa, [56]

Other textilebased sensing mechanisms utilize many of the same impebased
principles for transducing various physical phenomena. Wetness detectiorstémce, may be
accomplished through a similar arrangement as capacitive pressure sensors, using exposed
conductive yarns or porous insulating materials from which impedance change can be measured
in response to the presence of ionic fluid between comgugiarn crossover pointfbl].
Temperature sensing is also possible, employing the thermoresistive properties of certain

carbonaceous polymer composites to allow for the detection of resistance chance in response to
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temperature variation by fibers, yarns, and fabfid, [57]. Strain sensing can be achieved
through yarns and fibers that incorporate conductive, piezoresistive polymers which exhibit a
change in impedance in response tgleme strains along the length of the conductor, while
biopotential monitoring, suchsaelectrocardiography or electromyography, can be performed by
integrating conformable electrodes into textile substrates using conductive fibers, yarn, or fabric
[51].

The advantages of textileased wearable systems in flexibility, comfort, and overall
wearability makethem a desirable platform for a variety of healthcare applications and have
instigated the emergence of a wide body of research leveraging these strengths for wearable health
monitoring systemfb8]. A brief overview of several examplgem the past five years, from 2019
to 2024 helps to illustrateurrent trends and opportunities across the field. Tian frahstance,
developed a set of flexible, pilloghaped, piezoresistive pressure sensors composed of
polypropylene fibers encapsulated within opposite layers of silwared fabric and knitted
spandex fabric which were used to monitor respiratory ratelaegisg position with 3.504kPa
sensitivity and detectable output signal frequency from 0.7 to [B#zAmitrano et al presented
a sock sensor systefeaturing a commercial sports sock integrated with piezoresistive -fabric
based pressure sensors at three distinct locations of the foot: under the heel, under the first
metatarsal bone, and under the fifth metatarsal bone. These pressure sensors bieed edth
an onboard gyroscope to assess the collection of spatnporal gait and static postural
parameters, including gait cycle time and center of pressure estimations, with a comfort rating
scale assessment across three subjects indicating tiakthke system provided high wearability
and comfort to its usef60]. Zhang et al demonstrated several potential applications of a knittable,

fiber-shaped, capacitiveype pressure sensor composed of a rwile copper core enclosed in
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PVDF/Zre* and ZIF8 layers, a layer of twisted silver fiber, and an additional outer PVDF layer
which demonstrated 0.05kPand 0.04kP4a sensitivities at 02 kPa an®i 8 kPa pressure ranges
respectively and exhibited negligible stability deterioration after 10,000 cycles of continuous 8kPa
loading and unloading. The pressure sensors were integrated into several structures-&dr proof
concept demonstrations includingv@arable glove to measure bending angle at finger joints, a
knitted garment mimicking a rotator cuff brace to monitor shoulder joint motion during rotator
cuff injury rehabilitation, the inner surface of a face mask to monitor respiratory status, gmeta ca

to assess daily body weight chand@s$]. Jang et al produced a wearable, textidsed sensor
capable of monitoring the hydration levels of dehydrated or hydrated porcine skin and at various
sites of the human body through electrical impedancesmnements. The sensors were produced

by heatpressing thermoplastic polyurethane film over a cotton textile substrate and screen printing
Ag paste. An encapsulant formed two rectangular electrodes with both ends exposed; and an Ag
based adhesive was applit® one side of the exposed electrode section to be used as the sensing
area. During repeated measurements at various sites of the human body, the sensor demonstrated
more reliable results and fewer standard deviations than a commercial hydration sedgor u
comparison. The textitbased structure of the sensor provided stable conformal contact to the skin
with minimal pressure application and showed little degradation in sensing capability after 1,000
bendcycle flexibility and durability test§s2]. Maity et alspraycoated commercially aable

cotton fabric with multiwalled carbon nanotubes to produce a flexible textile piezoresistive sensor
capable of measuring both human body motion and environmental humidity. The body motion
was detected through transducing applied strain into aesistchange and was placed at various

|l ocations across a subjectdés body, i ncluding

in order to identify particular states, movements, or expression at each site. Some examples include
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facial expressiontdhe forehead and cheeks, bending movements at the shoulders, elbows, knees,
and wrists, vocal vibration at the neck, and respiration at the abdomen. Its humidity sensing
capabilities was similarly assessed by measuring the dynamic change in resistéiffeecat

relative humidity, demonstrating and operating range of 1993%, high repeatability, high
reversibility, quick response and recovery times, and-da3Oifetime[63]. Etana et al reported

the performance of a textile bandage sleeve with embroidereds electromyography electrodes
composed of conductive hybrid thread able to capture electromyography signals from various
anatomical sites of interest. This was achieved at a level of precision and performance comparable
to the conventional Ag/AgCI gleld electrodes used in clinical environments while providing
improved flexibility, comfort, convenience, reusability, and washaljoiy. Arquilla et al utilized

a similar approach, sewing silveoated thread in a zigag pattern into an inextensible fabric to
produce electrocardiogram electrodes. This was capable of being integrated directly into garments
for daily use that demonstratpromising durability against stretching, bending, and wagbiig

Jose et al fabricated a textlbased potentiometric gphene/PANI pH sensor through a
combination of screen printing and spi@ating onto a polyester woven fabric substrate. This
allowed for ease of manufacturing and material availability requirements of desirableliagéat
sensors with its relatively irmple production method. The wearable device offered a
physiologically relevant operation range of 4 to 9.5 pH, 45mVménsitivity, and good
repeatability[42]. Agcayazi et al presented an easily tunable, rmutidal textilebased sensor
produced through embroidery of commercially available siplated polyamide and stainless

steel sewing yarns with cotton knit, polyethyldeeephthtate (PET) knit, and elastomeric melt

blown textile dielectrics. The system was capable of sensing capacitive pressure, humidity, and

wetness which were demonstrated as a pressure sensitive mat and wearablenacinnaa
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interface applicationg6]. From these and countless other examplesear picturenay bedrawn
here textile-sensor systems continue to develop into accurate and reliable tools for healthcare
monitoring with, at minimum comparable performance to conventional technologikie
leveraging thenherent desirable properties of textitesexpand into further areas of application
or enhance those that already exist

One particular strength of textilmased sensors standsiggrom the other with respect to
their use in RLSI monitoringowever, and thatrengths their potentiafor direct integrationnto
existing textile structures to functionalize components dfesys with sensing capabilities. This
has been demonstea by similar examples in general healthcare application sensors such as the
integration of textile connections and sensor patches into a commercially available sock for gait
pressure distributiof60], embroidering and printing of piezoelectric fibers and PEDOT:PSS onto
a wearable glove for physical rehabilitation motion sengiif, and transfer printing of
wristwatch circuitry onto a textile wristbarj@8]. All of these feature durable, flexible, and non
obstructive wearable form faw's based on already used garments or products without introducing
any additional encumbrance to their wearers. Similar integration methods could be employed to
functionalize the existing textile layers present within the prosthetic socket interfacasstieh
liner-liner and spacer socks or produce independent sensor components with sufficient compliance
and flexibility to avoid pressure distribution, mechanical, or weight characteristic alteration despite
their insertion into the socket interface aseaternal layer. Either approach would eliminate the
need for custom socket modification as the resulting sensors could be used with existing prosthetic
deviced45]. Furthermore, potential susceptibility of the sensor to temperature and humidity within
the socket interface may also be calibrated for by incorporating dedicated temperature and

humidity textile sensors to compensate thesg51]. Alongside their use of use, durability, and
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wearability, the potential for loypower [69] and even selpowered[70] textile-based sensor
systems have been demonstrated by devices targeting other healthcare applications which could
find use in fulfilling the needs of loagrm RLSI monitoring in clinical environment$he
potential for both enhancing the capisiles of already existing RLSI monitoring as well as the
opening up of space for new functionality for greater reliability and convenience approaches
through the use of textillbased sensor systems cannot be understated, and one of the next great

steps ® achieve this begins with their integration into existing socket environment structures.

2.4 Integrated Textile-Based Capacitive Pressure Sensor System

The targeted application of textibased sensor systems to RLSI monitoring remains a
largely unexplored arof research despite their promisicigaracteristics. A small collection of
literature demonstrating their feasibility for the task does exist however. A large share of this
focuses on prosthesis control rather than strictly RLSI monitoring applicabiointhe suitability
of textile-based sensors is frequently on display even in these works. An example of this is given
by Jiang et al, who proposed a wearable elastic band witkc&R®gd nonwoven fabric sheets
sewn on to serve as surface electromyogragégtrodes for myoelectric control of a prosthetic
hand by an amputee. The study demonstrated comparable performance to conventional Ag/AgCl
gel electrodes, improved wearability, high flexibility, and size adjustment to fit specific amputees
while being wo n wi t hi n t h e[71l]s Sirbilparesacteésshas sheea koentd through
conductive yarn embroidefy2] and textile fabric screeprinting[73] methods.

A 2021 publication by @bor et al remains as one of the few, if not the only, substantial
work which employs fully textildbbased woven sensors for the explicit purpose of monitoring
pressure distribution within the prosthetic socket environment. The work presents a system

consising of four discrete, capacititype sensor array patches, each formed through
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perpendicularly sewn seamlines of conductive and insulating yarns on -dlovelt fabric
dielectric. A 31 3 sensing grid of overl|l appinagd press
encapsulated within a conductive copp@kel coated polyester fabric to provide shielding from
environmental electromagnetic interference. Testing across a plaster artificial limbpdiadd
subject, and amput ee s u b abitgtdoaccumtelp mositorrpeedseed t h i
distribution at anatomical sites of interest, the patella tendon and popliteal depression, during body
weight shifting and walkingtudieg74]. The solution proposed in this work provided a wearable
form factor amendale to further integration into prosthetic componentddushort of advancing
beyond the insertable, external layer approach of conventional monitoring tools.

The present workwith that of Tabor et akerving as its basisaims to extend this
development nearer to its full potential. Outlined below is the design of a tddsded sensor
system for monitoring pressure distribution within the RLSI utilizing a functionalized layer of the
socketenvironment.The system is composed of an expanded, comtisitb x 6 network of
capacitive sensors formed by overlapping sewn yarns on a wearable prosthetic sock with data
collection performed by a custom, lepower, lightweight electronic system attached to the textile
sensing network and directly secured toghement. Two preliminary experiments are reported:
a benchtop evaluation of the systemds operati
evaluation with an ablbodied human subject using a b&nee adapter to mimic the RLSI
environmentFollowingthis is a proofof-concept study with a unilateral transtibial amputee. The
system successfully captured pressure distribution changes within the RLSI during similar weight
shifting and walking trials without any significant encumbrance of the subjeggesting the

approach may serve as a promising method for pressure distribution monitoring within the RLSI.
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2.4.1 Materials & Methods

2.4.1.A System Overview and Operation

The sensing system consists of two core components: a textile sensor array integrated into

a proshetic sock and a printed circuit board (PCB) used for capacitance to digital conversion

(CDC) and data transmission. When worn, the sensing array is positioned to lie across the anterior

region of the residual limb within the prosthetic socket, offerisgatial map of thirty individual

capacitive pressure sensors di stributed

acrao

connections are placed outside of and above the socket to minimize potential user discomfort. A

secondary device, such as a laptoptwone, may connect to the sensing system through a custom

data aggregator interface via either Bluetooth Low Energy (BLE) or a wired USB connection to

manage system control and data collection. The system offers minimal encumbrance and high

flexibility due to its functionalization of the already existing sock layer of the socket interface

along with low power consumption enabling up to 10.5 hours of data collection using a 4g, 150

a b
“§ DSocket
.‘: ' I:]Sock
[ iner
/. [ ]Residual Limb
Sensing Region
C 100

Figure 2.11 Overview of the textilebased sensor system. (a) Deagrof a loweilimb prosthesis and core layer:
the RLSI. (b)) The anterior region of the residu

system operation and output with a measured prosthetic socket under load from samie dyovement such
body weightshifting or walking. (d) Complete textdeased sensor system worn by a unilateral transtibial an
subject over the liner layer shown outside (left) and inside (right) the socket.
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mAnh lithium polymer (LiPo) battery. Combined, the system weighs a totdBaj (52 g with the

inclusion of a battery).

2.4.1.B Sensor Array
The systemdbs sensor array is composed of a
of conductive, insulating yarns which is hand sewn into a commercially available 3 ply prosthetic
sock to forma 5x 6 network of capacitive sensing pixels at the yarn crossover points. The response
of these individual pixels can be modeled as a parallel plate capacitor with conductive yarns

serving as electrodes and the prosthetic sock fabric serving as dielgstdapacitance, C, is
defineda® - - ,usingvacuum permittivityp, dielectric constant of the fabrid, the area

of its overlapping conductive electrodes, A, and the distance between conductive electrodes, d. As
pressure appation reduces this distance between electrodes, the sensed response is taken as the
change of capacitancgC, between its resting baseline, @nd its capacitance under application
of pressure, G or¥6 6 6.

The 3 ply prosthetic sock (CBBASH2, SPS) used as textile dielectric for the system has
a thickness of 1.5 0.05 mm and is comprised 88% Coolmax fibers and 2% Lycra. It was
selected as an exact match for the socks wused
mimic thefunctionalization of an already existing layer of the socket interface. The conductive
thread used as sewn electrodes is a commercially available yarn (SewlY) with a diameter of 0.1
0.05 mm, el ectrical resistance of 0.0153 Y/ ci
shorts.

Each conductive yarn terminates within the socket and extends upwards beyond the active

sensing grid region and outside the socket interface to connect t he systembés r i gi
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which would not negatively impact user comfort or encumbrance. An additional grounding yarn

was also sewn between column and row yarns in order to minimize capacitive crosstalk.

2.4.1.C Data Acquisition System

Data acquisiton s performed by the systembs

rigid

system control, USB and/or BLE data transmission, power management/battery charging, and the

sensor scan sequence. This scan sequence involves sequentially sampling the capaciemmce betw

each of the systembébs five columns and a

singl

series, and repeating this process until all columns have been sampled between all rows. Scan data

is then transmitted via either BLE or USB to an exdedevice such as a laptop or phone running

a custom data aggregation program.
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Figure 2.27 System electronics and sensor architecture, operating principle, and integration. (a) Schematic
based sensor array, illustrating the fabric dielectric and two types of sewn threads (column and row) elect
to crede parallel plate capacitors at their overlap points. (b) Schematic of sewn column, row, and ground yi
denoted by blue, red, and black lines, respectively (left), and picture showing the same layout integrate
sensor syst e métheticsarkrnghty. (c)iBmdk diggram of the custom data collection electroni
external device connection options, with sensor row yarn connections listedR& &1d columns as &5. (d
Numbered arrangement of capacitive pressure sensing fisteld in order of scan sequence. (e) Combined s
functionalized prosthetic sock and data collection PCB system (left), physical layout of pressure sens
matching the prior described orientation and order (center), and the component breakdathreado-PCB site
of the data collection PCB (right).
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Several components play a role in these operations. The system is equipped with a System

on-Chip (SoC, CC2642 from Texas Instruments (TI)) for device control and data traonsmiss

UART-to-USB bridge controller (CP2102N from Silicon Labs) to handle USB power input,

connection between the system and external data aggregator device, and outgoing UART

communi

cati on from

t

he systemods

SoC,

rom char g

Microchip) for Li-Po battery charging, a programmable capacitaoxckgital converter (CDC,

AD7142 from Analog Devices), and two digitapntrollable analog switches (ADG788 from

Analog Devices). The aforementioned scan sequence is managed in aonbby the two

ADGY7

row

88s, whi c h,

yarn to a

250k Hz

based

on digital

Ssquare wayve

i npu

exci

t contr ol

tation si

plane, and the AD7142, which supplies thigigtion signal to the analog switches, conducts

sampling of the five connected column yarns against the selected active row, and handles sample

dat a

transmission t
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Figure 2.3 7 Screenshot of the custom data aggregation program developed for the system. Measure

transmitted

by

t tioe PCBywelt B ndr £/SBdcanheations tolah external device runnir

program which provides data recording and -teaé data visualization as both transient tisggies and spat
heatmap [ots to assess device operation during use.
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The systemds scan rate i s rdgeiteceto (i) coreluct by
column sampling across al/l of the sensor6s

receive, package, and transmit the data over

data aggregator device. The formermgilit ed by t he AD714206s internal

1.536ms for each column measurement across a row multiplied by the number célumasd

the number of rows, , to measure across, of p® odpi ¢ 3 .Forabx 6

array, this comes to approximately 46ms or 22Hz. The overhead required for receiving, packaging,
and transmitting this soadata can impede the typical speed if this duration is longer than the scan
rate however, particularly in the case of UARFUSB transmission. The possibility of this
occurring is mitigated by making use a@af the
CPU is tasked with configuring, controlling,
ADG788 devices at a steady, unimpeded rate and triggering interrupts within the CC2642 to accept
data transfer when a scan sequence is complete, thus enthgipgimary CC2642 CPU to
exclusively handle data output transmission and other operational tasks of shorter durations while

the sensor scan sequence proceeds at its optimal rate.

Table 2.11 SystemScan ratg¢Hz) at different sensor network dimensionsgni2nsions range from as low as a si
cross over point (1 x 1) to 12 columns and 8 rows. filesentedsystembalancessize and scan rate using a %
array

Number of Columns

3 4 5 6 7 8

3 723 | 54.3 | 434 | 36.2 | 31.0 | 271

4 543 | 40.7 | 326 | 27.1 | 23.3 | 20.3

5 434 | 326 | 26.0 | 21.7 | 18.6 | 16.3

6 36.2 | 271 | 21.7 | 181 | 155 | 13.8

Number of Rows
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Although the 5x 6 sensing grid used in the present work strikes a balataeén spatial
coverage and the scan rate necessary for assessing pressure distribution at distinct stages of gait
cycle, the dimensions of the grid can be easily adjusted to suit the particular requirements and
objectives of a given sensing applicatiothin certain bounds based on its three related variables,

Y (or'Q ),&¢ ,and¢  (seeTable 2.).

Connection between the sensordés conductiyv
achieved using exposed tlugh-hole contact sites which the yarns could be affixed to with either
Z-axis tape (9703, 3M Ltd, USA) for a somewhat temporary, though still robust, electrical
connection or by direct soldering of the yarns for a stronger, permanent connection. For the
experiments presented within this study, the direct soldering approach was employed on account
of its greater durability.

As mentioned prior, data collection was performed by using a secondary device and a
custom data aggregation program. This program weated using Python and Qt5 to receive
incoming data over BLE or USB connections, apply data timestamps, and enaklmeeal
visualization through both transient and spat
capacitance. A USB connection wased for the experiments presented within this study to ensure
data collection reliability. Additional wired connections used during experiments include a trigger
signal for synchronization with external data collection systems and a grounding surfacedelec

to reduce capacitive interference from the body of experimental subjects.
2.4.2 Experimental Procedure & Results

2.4.2.A System Benchtop Validation
Initial evaluation of the sensor system was conducted in a tightly controlled benchtop

environment to ensure its eegted behavior in response to various weights and spatial
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distributions of pressure application. A £380 x 12 cn? expanded PVC sheet was inserted into

the sensemtegrated prosthetic sock to create a level plane for pressure to be applied onto the
sysemés sensing region. 100g, 50g, and 20g, wei
different columns and rows diagonally from the upleétr corner to the bottomght, with the

final row using the pixel orter horizostal layout. ICarhc o | u mr

R1C1 R2C2 R3C3 R4C4 RSC5 R6C3

Figure 2.4 1 Benchtop demonstration and validation results. (a) Physical layout and labeling of rdR6) R
column (CXC5) yarn lines. (b) Variation in pixel response under 100g, 50g, and 2ghwei appl i c a
scale for subsequently presented heat maps. (d)

100g weight. Sensor response to the application of a 100g weight using a (e) square and (f) triangle sleape
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distinguishable responses between the three different weights were exhibited by ea€igpbeel (

2.4b). The variations of response between each pixel is expected and can be attributed to variations

in sewing pattern, yarn dimension, and ygnsion in the fabric. Application of the same 100g

wei ght ont o the s ens shown inghe subseguentcheatrmedstigurg i x e | s
2.4Figure 2.4 17 Benchtop demonstration and validation results. (a) Physical layout and labeling

of row (RL1R6) and column (GC5) yarn lines. (b) Variation in pixel response under 100g, 50g,
and20gwegs ht applicati on. (c) eC (fF) scale for s
of the sensor arraydéds corner pixels to the a
application of a 100g weight using a (e) square and (f) triangle shaed, aldpich demonstrates

the slight coinciding response of pixels along the same row and column yarns of the loaded pixel,

an expectegphenomenon due to the mechanical coupling between pixels shared across the same
yarns.Figure2.4f shows the sensing gridbs response to
weight using two different FDM printed PLA shapes, a squaiife 2.4€) and a triangleFjgure

2.4f). As before, some surrounding pixels exhibit coinciding responses to the applied weight.
Experimental results demonstrate the ability of the sensing system to detect pressure application
both on an individual pixeihagnitude basis for distinguishing between different pressure levels

and a multipixel grid basis for identifying its spatial distribution.

2.4.2.B Able-Bodied Subject (BentKnee Adapter)

Subsequent evaluation was conducted through the use of a eusierbenknee adapter,
as shown irrigure 2.5 This bentknee adapter serves as an intermediate assessment stage between
controlled benchtop validation of system functiotyably providing a practical simulation of the
interface between soft human tissue and rigid material of the prosthetic socket environment. The

use of a healthy ableodied participant for this simulated environment poses fewer risks and
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burdens teamputees ubj ect s whil e still permitting asses
vivo testing.

A modified version of the textile sensor was created using a polyester compression leg
sleeve (SE6145, Skylety) with a thicknes®af+ 0.05mm as its dielectrioni place of the ly
prosthetic sock. This change allowed the system to be worn by thbahésl subject with the
active sensing region centered overthekmeep. The sl eeve was worn di

leg and placed in the bekhee adapter aghown inFigure 2.5
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Figure 2.5 i Able-bodied testing of the system using a blemte adapter to simulate the prosthetic sc
environment. (a) Modified version of the sensor system using a commercially available camslkessie for ab
bodied compatibility worn by an ablodied subject both outside (left, center) and inside thekvesa adapter (righ
(b) Weight shifting experiment stances and corresponding spatial heatmap results. (cefleémeplot of

represatative pixel (#18) and vertical GRF during weight shifting cycles. (d) Walking experiment gait sta
their corresponding spatial heatmap results. (e) Average response of a representative pixel (#18) and v¢
over 10 gait cycles during walkin¢f) Response of all sensor pixels (fF, black) and vertical GRF (N, orange)
weight shifting and (g) walking.
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Two experiments were performed with the albdelied subject and textile sensor system:

(1) a weightshifting experiment where the partiaipt was asked to stand on a spétt treadmill
(1000Hz, Bertec Corp., USA) and shift their weight between three stances (on sensor, off sensor,
neutral) and (2) a dynamic walking experiment where the participant walked on thee#plit
treadmill for 60seconds. During both experiments, the corresponding vertical ground reaction
force (GRF) and capacitance change( were measured by the sghielt treadmill and sensor
system respectively. Weighhifting trials were used to determine if the sensingesysivas
capable of withstanding and detecting spatially distinct force changes induced by body weight
shifting. Walking trials were used to assess similar sensor system characteristics under transient
activities and to ensure its durability to withstandaiywc and repetitive force cycling activities.
Synchronization between measurement systems was achieved by routing a trigger signal output
from the splitbelt treadmill to the sensor system. A grounding surface electrode (2560, 3M
Company, USA) was attaché¢do t he subjectdés skin near the hi
from the body.

Weight shifting experimental results are preseiriédgure 2.%-c. The spatl capacitance
response of the 30 pixel network under the three different loading states are presented as heatmaps
(Figure 2.%) and demonstrate clearly iderdifile response patterns associated with each of those
states. The magnitude of response for each pixel appears consistent with its physical location
within the socket and on the limb as well, with pixels above the-kapgand therefore parallel
with the \ertical wall of the berknee adapter and the direction of force application, exhibiting
comparatively lower magnitude responses than those below and on theakreea itself, which
exhibit moderate and high magnitude responses respectively. The péotichl GRF measured

from the splitbelt treadmill overlaid with the transient response of a pixel representative of the
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high magnitude response region (pixel #18) showfignre 25ci | | ustrates t he se
rapidly track changes in body weight shifting of the subject. Sensor trarssgoinse across the
entire network of pixels compared with treadmill vertical GRF is presentédune 2.5.

Walking trial experimental results are presenteéigure 2.%5-e. InFigure 2.5, similar
heatmaps of the 30 pixel network as for weighifting loading states are presented for notable
gait cycle sulphases: maximal weight acceptan®WA), mid-stance (MS), and teeff (TO).
These also demonstrated clearly identifiable patterns for eaciphsge and were largely
consistent with the physical location of pixels within the socket and on the limb as before. To
compare sensor responseoss gait cycles, capacitive response of a representative pixel (pixel
#18) and treadmill vertical GRF data was segmented into ten individual gait cycles, starting from
each heel strike and ending at the next, and averaged across these cycles td-odu2es.
Sensor response generally followed the same pattern of vertical GRF and exhibited little variation
between gait cycles overall. Sensor transient respaoross the entire network of pixels compared
with treadmill vertical GRF ipresentedn Figure 2.5).

In addition to exhibiting suitable sensor performancexfeasuring dynamic force change
and distribution in the betknee adapter during body weight shifting and walking, -abldied
experimental results also show that the sensor system is robust enough to withstand the physical
demands of its sensing envirormheThroughout multiple cycles of dynamic loading, the sensor
system continued to function, providing consistent, meaningful data demonstrating clearly shared

patterns with assaated vertical GRF measurements.

2.4.2.C Amputee Subject Testing
Final evaluation oftte full sensointegrated prosthetic sock system was conducted on a

participant with unilateral transtibial amputation to assess if the sensor could reliably provide
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guantifiable data of pressure distribution within the socket environment and withstamghel
demands of the environment under different sygfedynamic loading conditions.

The recruited amputee subject used their own total surface bearing silicon suction socket
and prosthetic device for these experiments. The sémsgrated sock wasvorn over the
prosthetic liner such that the sensing grid area covered the anterior region of the residual limb
while positioning the systembés rigid PCB suff
potential discomfort Kigure 2.&). Splitbelt vertical GRF recording synchronizationdan

grounding surface electrode were configured in the same manner as in the prioodadde
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Figure 2.6 7 System testing on a unilateral transtibial amputee. (a) Complete functemhpliasthetic sock sens
system worn by the subject outside (left) and inside the prosthetic socket (center, right). (b) Weight shifting e
stances and corresponding spatial heatmap results. (c}sEiies plot of a representative pixel (#23) aertica
GRF during weight shifting cycles. (d) Walking experiment gait stages and their corresponding spatial
results. (e) Average response of a representative pixel (#27) and vertical GRF over 10 gait cycles durindfy
Response of allensor pixels (fF, black) and vertical GRF (N, orange) during weight shifting and (g) walking
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experimental procedure. The subject reported that the sensor system caused no additional
discomfort during the experiments.

As with prior ablebodied experimentghe subject was asked to complete both weight
shifting and walking experiments while standing on a-d@lt treadmill measuring vertical GRF.
For the first of these, the subject was asked to shift their body weight between three different
loaded statefon sensor, off sensor, neutral), and for the second, the subject was asked to walk at
a comfortable pace for 60 seconds. Both types of experiments served to demonstrate the same
points as they did in prior abledied experiments.

Results of the weight #ting experiment are presented kigure 2.®-c. As before, the
spatial heatmap plots of each loading statEigure 2.6 feature distinctly identifiable patterns
between one another while the transient overlaid plot of vertical GRF and representative pixel
capacitance (pixel #23) iRigure 28 demonstrates the sensorés ab
changes force appd by shifting body weight. Compared with prior abledied experimental
results, the sensor system exhibited notably reduced magnitude of response across all pixels and
less distinction of a higload region. We speculate this may be due to the morestemtsand
distributed load of pressure throughout the ¥igihg total surface bearing silicon suction socket
used by the subject compared to that of the -keae adapter socket used in abdlied
experiments. Sensor transient response across themetiivork of pixels compared with treadmill
vertical GRF is presented kgure 2.6.

Walking experimental resultge shown ifFigure 2.@l-e. Spatial heatmap plots for MWA,
MS, and TO gait subhases are presentedrigure 2.@l, showing particular distinction between
loaded (MWA, MS) and unloaded (TO) sphases. The averaged response of vertical GRF and

representativ@ixel capacitance response (pixel #27) over ten individual gait cycles are presented
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in Figure 2.@&. Due to differences between whdilab force captured by vertical GRF data and

the internal socket pressure distribution at specific pixel locations, exact matching between the two
signals is noexpected beyond correlated loaded and unloaded states. Further analysis is required
for determining the source of these differences which we reserve for a future study. Sensor
response across the entire network of pixels compared with treadmill verti€alaSRresented

in Figure 2.@), also shws clear differences between measurement sites, indicating a pressure
distribution across its area.

Similar to prior ablebodied testing, the successful operation of the santegrated sock
system in an amputee subj ect @udtpledtdais|hglps ®oc k et
demonstrate its sufficient durability to survive physical demands of this highly dynamic
environment. Furthermore, the worn system contributed negligible encumbrance to the subject
compared with the use of a typical sock, allowaxgensive testing of the system with little to no

apparent change in subject comfort due to its inclusion.

2.4.3 Conclusions & Future Work

Results from both the two preliminary validation experiments and the unilateral transtibial
amputee study performed withe system lend support to functionalized textile socket interface
layers as a promising method for overcoming multiple challenges and limitations common to
modern RLSI monitoring technology. Many of the practical shortcomings which characterize the
wide range of commercially available RLSI monitoring tools, namely their limited flexibility and
breathability, uncertain accuracy due to possible pressure profile modification and possibility of
sensor wrinkling, comparatively high power consumption, bulkirses$general lack of comfort,
could be resolved by leveraging the inherent comfort, flexibility, breathability, and compliance of

textile-based systems. The presented system offers up to 10.5 hours of continuous data collection
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due to its low power desigminimal encumbrance of its user, and the capability to monitor up to
30 individual pressure detection sites across the residual limb with a >20 Hz scan rate. Its operating
principle, spatial sensing capability, comfortable wearability, and sufficient tred®sssto survive
the RLSI environment were all demonstrated by the two preliminary experiments and amputee
study outlined above.

While this work serves as yet another piece of evidence for téseied RLSI monitoring
systems as an avenue worthy of inigegion, the field demands still further work to bring about
its full potential. With respect to the present system, additional efforts are needed to iexpand
spatial sensing capabilities to capture larger regions of inter across the residual linalseitecre
scan rate to capture higher frequency gait dynamics, caliliiateapacitanceo-pressure
relationship to offermmediately actionable information to prosthetists, and investigate $aeje
production methods to minimize intpixel response vations stemming from differences in yarn
stitching pattern, dimension, or tension. Still greater work is needed by the field in general however
as, despite the major benefits to RLSI monitoring that teRfiked sensor systems offer, so few
efforts havebeen undertaken to turn this opportunity into a reality. To realize them, further
attention must be given to the convergence of wearable textile sensing technology and prosthetic
socket interface assessment overall. Major challenges here include prodeelieup for real
world application, understanding and addressing the specific needs of patients and prosthetists to
support technology transition from the sphere of research into clinical practice, and performing
clinical studies with this new technolody provide sufficient evidence for its adoption into

modern clinical practice.
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CHAPTER 3: COMBINED SURFACE ELECTROMYOGRAPHY, STRAIN, AND

MOTION SENSING FOR W EARABLE STROKE REHABILITATION

3.1 Neurological Disorders and Rehabilitation

Neurological disorders are the diseaf the peripheral and centrarvous systems,
which includeany disordeof the spinal cord, brain, cranial nerves, peripheral nerves, automatic
nervous system, muscles, or neuromuscular jun¢@ish Many of these conditiongsult infew
direct deathget causesignificantill -health and disability amortgeir survivors. Theiworldwide
impact is enormous, constituting 6.3% of the global burden of dig€&BP) measured in
disability-adjusted lie years (DALYs)according to a 2006 estimate by the World Health
OrganizationWHO) [76] and 7.1% wheicombined with the related category of cerebrovascular
diseases basedho t he WHOO s 2[07]. Gen&id dxfectstongenital abnormalities,
lifestyle, and environmental factors such as infections, malnutrition, brain damage, spinal cord
injury, and nerve injury are all potential causes for a range of different neurological di§ésdlers
Some of the mostotableexamples includé& | z h e i me 78]smigdaines78],aeEilepsy{80],
Par ki ns o Bb],anultible sceer@ss$®?], and spinal cord injurf83].

Cerebrovascular disease is by far the largest neurologic contributor to death and disability
throughout the worldaccounting for amstimated 4.1% of total global DALYs in 201007]. Its
most common manifestatiaa Stroke[84], which isa group of disorders involving the sudden
interruption of blood flow to the brain and the subsequent death of brain cells due to the restriction
of oxygen and nutrien{85]. The extent of cell death depends on the lengthaafdbtleprivation.
Cells in some areas of the brain die within a few minutes while others may survive for up to 30

minutes or longerApproximately 80% of cases are ischemic, where blood flow to the brain is
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restricted due to a blocked artery or blood @oil20% hemorrhagic, where blood vessel rupture
causes bleeding in or around thrain andinterferes with regular blood flo\86]. Despite most
stroke patients surviving the initial injury, motor impairméra loss or limitation of function in
muscle control, movement, or mobilityaffects control of face, arm, and leg movement on one
side of the body both acutely addronically in approximately 80% and 40% of cases respectively
[87], [88] This condition is known as hemiplegia and is the most widely recognized impairment
caused by strokps]. The diorderpresents an immense health burden globally,ranthins the
secondeading cause of death and thiehding cause of combined death and digshilith over

12.2 million new strokeoccurring each yeasix and a half million people dying from stroke
annually and ower 143 million years of healthy life lost each year as a result of stetdkied death

and disability{89]. The bulk of this burden, 86% of deaths and 89% of DALYSs, is borne by lower
income and lowemiddle income countries where resources for acute stroke treatment and care
are extremely limitedgontributing to poverty and serving as a barrier to economic development
[77], [89] Globally, thecostof stroke is estimated to exceed US$891 billion, or 1.D2%ne
global GDP[89], with approximately 34% of total global healthcare expenditure being spent on
stroke care and an average healthcare costrafe per person estimated at US$140,048 in the
United States alon@0].

The high prevalence of pestroke disability leads rehabilitation practices to become
equally as esseat as improved prevention and acute casthodsMost patients will need some
form of rehabilitation after stroke, arttlere isstrong evidence that access to and quality of
rehabilitation care is associated with improved patient outcdBjesvith dedicated care for
patients provided by multidisciplinastroke units leading to higher rates of independence with

activities of daily living (ADL), reduced need for lotgrm institutional care, lower mortality, and
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improved changes of neurological recové®y]. Limiting the impact of stroke related brain
damage on daily life is the primary purpose of stroke rehabilitation, which focusekeon
preservation and improvement of range of motion, muscle strength, bowl and bladder function,
and functional and cognitive abilities in stroke surviVjéis[92]. It employs a cyclical process of
assessment, goal setting, intervention, and reassegsinaeseiswhere patient needs are identified

and quantied, realistic and attainable goals for improvement are outlined, assistance or training

is provided to achieve defined goals, and progress is compared against previously defined goals
[5]. Successful stroke rehabilitation techniques incorporate at least one of the underlying
mechanisms of brain recovery, adaption, regeneration, or neuroplasticity, and strong evidence
points to the greater effectiveness of taslkented training over generalpn-specific movement
therapy.[5], [93] Targeting tastspecific and contexspecific goals relevant to patient needs
which are practiced in a patientds real envi
rehabilitation resultf5]. Despte this, conventional assessment of stroke patient motor function, a
precondition for effective goal setting in the cyclical rehabilitation process, continues to be limited

to standard tests performed in controlled clinical environm#r@saccurately regesent the
individual freel i vi ng behavi or i n a[94p Adcassta teldabilitatomvn e n v
services is not always available in many regions either. A diverse set of professionals are required
for comprehensivestroke rehabilitation, including specialist doctors, nurses, physiotherapists,
occupational therapists, speech and language therapists, neuropsychologists, and social workers,
who provide a range of services including inpatient, home, and communityliteatiahialongside
education on management and saf@y], [95] The availability of these specialists can be
incredibly limited insome area?er one million inhabitants in highcome countries, there are

900 physiotherapists, 400 occupational therapists, and 300 speech and language therapists, while

42



in most lower income African countriethere are 25, less than 15, and effectivagyo of these

same specialists. This places immense restrictions on the range and extent of care available in these
countries. Lower income and loweriddle income countries score worse in the quantity and
guality of nearly all rehabilitation servicesclading inpatient rehabilitation, home assessment,
community rehabilitation, education, early hospital discharge programs, and rehabilitation
protocols compared to their high income counterparts. They receive a mere 25% of the
recommended spectrum and gtiy of care, with lack of availability appearing most pronounced

in Latin America and the Caribbean, South Asia, andSaltaran Africa region95].

Various technologies have emerged over the last few detadegprove poststroke
rehabilitation efficacy and accessibilif@6], [97], [98], [99] Roboticassisted rehabilitation
techniquesfor examplehave demonstrated improved upper limb function, strength, and activities
of daily living in poststroke patient$100] andhave hadpositive effects on gait rehabilitation
outcomes[101]. Virtual reality and interactive video game therapies show some evidence of
slightly improving functional ability and daily activity management when employed alongside
conventional techniques, with the added benefit of allowing everyday activities which cannot be
physically replicated in a hospital setting to be practiced virtJal2]. And brain-computer
interfaces used to provide feedback on patient movement intgméeanpromising evidence as
an intervention technique fomupperlimb rehabilitation [103]. Potential rehabilitation
improvements alone do not necasly lead to widespread adoption of these technologies however.
Practicality and costffectiveness remain important considerations as[u@8], [104] especially
in the context of improving care in regions with insufficient financial resources, where expensive

technologies such as these may simply not be affdedoptiong105].
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Leveraging wearable healthcare technology in conjunction with home and community
basedehabilitation techniques m@pse as more practicadolution Telerehabilitation is already
considered a viable alternative for patients lackiogeas to conventional services, with studies
demonstrating its effectiveness in improving falls efficacpliy of life, and reducing depression
and caregiver stre§$05]. For example, homadministered strengind balance training has been
shown to improve functional walking ability in pestroke patients, and, in some cases, home
based exercise protocols have been found to be as effective as more expgraieatmethods
[105]. Shifting from in-patient rehabilitation to home and community based methdsas these
could be used to improve cestfectivenessexpand accessibility to care, and help address
shortages of rehabilitation specialigi@9], [106] particularly in rural aread 05]. Incorporating
wearable technology may further advancepbtential for these techniques. Despite their limited
use in clinical environmentgurrentwearable rehabilitation systems are able to provide clear
assessments of patient stgtl@7], and have demonstrated improved patient outcomes compared
to conventional therapy in some cafH38]. Their use could help extend the reach of specialists
through remote monitoringl09] and enable cosffective techniques such as unsupervised
training which depend on the type of reliable, continuous monitoring that wearable systems can
provide [110], [111] Furthermore, even in thease of high income countries where more
expensive techniques are available, introducing wearable rehabilitation systems could can enable
clinicians to assess the impact of care in th
home and commuty settingqg112].

Realizing the potential for wearable rehabilitation systems entirely depends on their ability
to accurately monitor clinicallyelevant information througtreliable, minimally obtrusive

collection of physiological datfl12]. Therefore, understanding the types bf/giological data
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these systems collect, how they are sensed, and what clifmel@iyant information can be
extracted from them is of immense importanbee present chapter aims to accomplish just that,
and deals with three sensing modalities relevansttoke rehabilitation monitoringsurface
electromyography, strain, and motion sensing. Summaries of each of their potential applications,
fundamental principles, and current state of wearable technologies will be provided before
presenting a novel wedrie platform that combines all three together for the purpose of home and

community based stroke rehabilitation assessment.

3.2 Relevant Sensing Modalities for Monitoring Stroke Rehabilitation

A variety of physiological data must be evaluated to assess imgrditaind function in
poststroke patients. These can be broadly categorized into kinematic, kinetic, and neuromuscular
measures. Kinematic and kinetic measures correspond to motion and force capabilities,
respectively, and have been the traditional focuthefapists trained to evaluate them through
observationNeuromuscular measures correspond to the neural electrical signals originating from
brain and muscle activation which may undergo changes due to conditions aed wfjthie brain
such as strokeCombining biomechanical (i.e. kinematic and kinetic) and neuromuscular
evaluation enables a more comprehensive patient assessment than what can be provided from one
category alone. Rather than just the characteristics of output motor execution, a combined
approach permits assessment of the complete movement planning, neuromuscular coordination,
and motor execution sequendéis information can be used to better personalize care for an
individual and provides greater insight into changes brought on by ¢tbedition at the
physiological leve[113].

Common metrics fabiomechanical evaluation inclugtent and eneboint speed, efficacy,

efficiency, accuracy, smoothness, functional range of motion, and movement coordination
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kinematicg[113], [114] These forms of assessmiare overwhelmingly performed with motion
sensing through inertial measurement units (IMUs) and accelerometer devibessphere of
wearable rehabilitation systerjdd 5], [116] Despite their popularity, these devices are not without
issues geeMotion Sensingelow), and so employing additional evaluation methods alongside
them may help to provide more reliable assessment. Strain sensors are a suitable candidate for this.
While less prevalent than their IMU and accelerometer counterpagtddiie received extensive
research attention in recent years due to their potential to continuously monitor body motions that
range in scale frorsubtle deformations induced by physiological signals like pulse and respiration
[116]to large joint movements of the limbs and upper tririk’], including kinematic parameters

with direct relevance to rehabilitation assessniEn®].

Neuromuscular measurements are of two typlestroencephalograpligEG), measuring
cortical activity of the brain, and electromyography (EMG), measuelegtrical activity of
muscles. Both methods provid&ormation on the underlying sequence of movement planning
and coordination and have found use in both clinical diagnosis and rehabilitation §étBigs
[119]. Electromyography in particular provides a vast array of metrics for assessing the status of
patients, including muscle coordination and activation intervals, muscle fatigue estimations,
spasticity characterization, and identification of neuromuscularvatien zoneq120], [121]
Norrinvasive, surface electromyography (SEMG) has seen increased attention as a tool for
telerehabilitation athremote monitoringn partdue to these capabilitiés recent yearglL22].

Each of these three sensing modalities, surface electromyography, strain, and motion
sensing, areexplored in further detail below This includestheir physiological origin,

instrumentation techniques, and methods of application.
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3.2.1 Surface Electromyogrgphy

3.2.1.A Physiological Origin

The function of muscles is tied to that of bones and connective tisseéormer providing
support for body posture and movement and the latter serving to organize and link together
components of the bodyMuscles are arrangech ia hierarchical organization of smaller
components grouped together by connective ti s:¢
tendons create a pulldyi ke connection between muscle and
upon.This action takedie form of muscles shortening the resting lengths of their fibers and is the
actuating element behind motor execution. The significance of this role is clearly represented by
the scale of muscle tissue relative to the human body, accounting-85%F ®f goss bodily
weight and being the largest consumer of its engrg3].

Muscles themselves are composedasiticles These are mdles of individualmuscle
fibersbound together and held in parabgrangement with one another. Each fiber is a cludter
myofibrils tiny hairlike strands of myosin and actin filaments woven bands. These bands take on
a specific, repeating patteraled asarcomerewhich are ordered in the sequenceaofin, an
overlap of actin and myosin, myosemother overlap of actin and myosin, and actin again. The
actin filament is a thin fiber with two negatively charged molecules spiraling one another while
the myosin filament is a thicker fiber bearing globular heads each attached with a negatively
charged ATP molecule. In a resting state, the actin filament is repelled by the negatively charged
myosin filament, but when a muscle fiber is stimulated, p@djticharged calcium ions are
allowed through the pores of the myofibrils into the location ofatien and myosin filaments
which thenbond with the actin filaments. This draws the negative myosin filament towards the

actin filament. However, the myosini | ament 6 s gl obul ar heads obst |
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leads the heads to bend, flatten out, and produce a ratcheting effect that draws the filaments

|l aterally past one another. The force of this
globular head to be released, producing energy which frees the calcium ion from the actin fiber

and separating the two filaments from each other once agedplacement ATP molecule is then
delivered to the myosin fil ametmbebrapeatgdiiosb ul ar
ratcheting effect is the underlying actuation mechanism of mustilegle stimulations of the

process result in a twitch, and successive stimulations result in progressive shortening of a muscle
fiber. This shortening works upon themmective tissues and bones attached to a muscle to produce
movement of the bod23].

The stimulation that initiatesthispraces i s del i ver ed by Ldwhre body
motor neurons residing in the anterior grey column of the spinal cord are associated with a distinct
collection of muscle fibers with which they exchange incoming sensory and outgoing stimulatory
signals.This combination of mscle fibers and their correspondilegver motor neuron constitutes
the smallest neuromuscular organization blockntleéor unit Toinitiate motor execution, lower
motor neurons generate an action potential which propagates afongrthe ur onés br anch
to the muscle fiberés motor end plate, the ne
bet ween the neuron6és axon and a muscle fiber.
triggers the release of acetylcholi®Ch) across the synapse which binds to receptors on the
muscle fiber cell membrané. second signal is then generated by this binding which propagates
throughout the fiber to stimulate the opening of pores that allow calcium ions to flood into the
spacchousing the fiberés actin and myosila3]l.f i | ame

This second signal is thmotor unitaction potentialand is the fundamental phenomenon

in which electromyography aims to monitor.
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A motor unit action potential s depol ari zat
the motor end plate of origin and travels throughout the lengtheafntinscle fiber. This can be
modeled on a single muscle fiber by two pairs of two current dipoles mirrored across the motor
end plate. In each pair, the first dipole represents the depolarizing head of the action potential while
the second dipole represetits repolarization of its tail. Together, these two dipoles form a tripole.
One tripole travels to the left of the motor end plate and one tripole travels to the right as a function
of time. The changing potential different across the cell membrane wiuthele fiber represented
by these tripoles generates an electric field in the volume surrounding the muscle fiber. This results
in a measurable Vtage distributior{124].
The wltage distribution projected across the surface of the skin by the inducett elect

field canbe measured through skinounted electrode®oing soallows the motor unit action
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Figure 31T Approxi mate representation of a single miw
with indicated polarity and current direction. (b) Spatial profile of current flow in and out of the membrane
approximate tripole representation. (c) A linear set of electrodes and amplifiers for measuring the voltage d
from the suréce of the skin. (d) Color coded distribution of voltage across the surface of the skin [124].
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potentialsover a group of motor units to be monitordry way of measuring the&oltage
distributions theyroduce The measurement acquired from this approaetmislectromyogram.

It containst he combi ned effect of each muscle fiber
summed togethewheremotor unitslocatedcloser to thes k i n 6 s costributdsubstamtially

moreto the measuremetttan those farther awd$23]. Theresultingsignal has a magnitle in

the microvolts range, an active frequency band betwées00 Hz[123], [125], [126]and a high

endspatial frequency of approximatel-90 cycles/mwith occasional peaks above 100 cycles/m

[124], [127], [128]

3.2.1.B Instrumentation Techniques

Measuring the eledtr potential present at the surface of the gkiguires the use of a
specialized instrument called an electromyogrdgpB3]. In its simplest form, a surface
electromyograph is composed of thosmtral components: a set of thedectrodes, a differential
amplifier, and a collection of filter Two of the three electrodes are placed over the muscle of
interest and aligned in the direction of its fibers. These active electrodes serve as the differential
amplifierds inputs. A third el ectroddhlitles pl ac
to no SEMG activity to serve as a reference. The difference in electric potential between the two
active electrodes is taken by the differential amplifier and passed through a collection of filters to
remove any undesired signal contamingb®6]. The filtered output is a raw SEMG signal which
may be further processed as needed for the given appli¢afi@h Considerations for each of

these central components are discussed below.

Surface Electrodes
Surface electrodes can be distintpeid based on their materials, size, and layout

Materially, they can be categorized as either wet or dry, witleleetrodes possessing a layer of

50



conductive gel, hydrogel, or electrolydeaked sponge and dry electrodes lacking one. The

el ectrolyteods

ncl usi on

h e | p skintinterfacgd2blulctee t he i

case of dry electrodes, the skin will eventually produce sweat in resporke presence of a

foreign object which can serve as its own electrolytic medil28]. Keeping the electroaskin

interfaceimpedance low is essential. Too high or too imbalanced impedances can compromise the

commonrmo d e

rejection

perfor mance

of

t

he sEMG i n.

susceptibility to outside interferenfE23]. The impedance of this interface may be modeled as a

nortlinear RC circuit with frequency and current dependent components, but attempting to

guantify impedancen this way has several caveats. Along with its dependence on time, the exact
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lead to significant variations in the electregl&k i n
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different types of charge carriers leads the rreliadtrolyte interface to be intrinsically noisy, and

there electrode itself therefore has its own noise level to be consjd@&dGelled AgAgCI

electrodes are currently the recommended and most widely used electrode of cad¢heir

high stability and low noise interface compared to other metallic electfb2i¢ls [126]
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The hig

electrolytecauses all points below its surface to an equipotential, meaning the electric potential

detected by an electrode is the approximate average of the potential distribution which would have

been present at the surface covered by the electrode were it reo@afpled. So while larger

electrodes reduce the impedance of the elects&tteinterface, they also introduce a kpass
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spati al filtering effect which reduces noi se
reduction comes at the cost attenu#ing signal componentsvith spatial frequencies laying
beyond that othe effective spatial lowp a s s f i-off freguericyd1273, (128] and because
the underlying physiological phenomenon that SEMG aims to capture is the spatial and temporal
propagation of motor unit actiopotentials, the sEMG signal therefore has its own spatial
frequency characteristics which must be accounted when determining electrddi24izeailure
todosocanresutimndesired influence on a recorded st
[124], [125], [126] The shortest wavelength contributing to the SEMG signal fraxtomunits
closest to the s kindaB]scorespondlirgy toa highisd sEatibfrequendy O
in the range of 700 cycles/m with occasional peaks above 100 cycl¢sa#], [127] Deeper
muscles contribute signals of a longer wavelength and are thus not a deciding factor on this
estimation[128]. Because of this, surface electrodes with diameters betwEgnmdn are
acceptable while those above this range modify the shape anttabgeatures of signal
contributions from the most superficial motor unjit&7], [128] This may differ for norcircular
electrodes however, as asymmetry in electrode shape can change the length of path the motor unit
action potential travels under the electrode such as icatbe of a rectangular electrode, where a
path between corners is longer than through its sides, leading to a lower spatifreguency
[127]. The impulse response and transfer function of theda®s spatial filtering effect of circular
and rectangular electrodes are shown mathematicallgibte 3.1

Electrode layout over the muscle of interest further affects spatial sampling characteristics,
particularly the distance between each electrode. This distance is callgetblectrode distance
(IED) and determines an electrodeo n f i g uspatial saropiing Bequencyn order to avoid

loss of information due to spatial aliasing, this sampling frequency must be above the Nyquist rate
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T twice the highest spatial frequency of interest in the sEMG signal. Put another way, the

interelectrode distance must be smaller than half the shortest wavelength contributing to the SEMG
signal. As this shortest wavelength is approximately 10 mm (or 100 cycles/m), the interelectrode
distance should therefore be less than 5 mm (or 200 cyclestie)y ideal conditiongL27]. In

reality, several fadrs permit slight leniency in this maximum value such as theplass filtering

effect of bodily tissue and that the wavelengths contributing to the surface potential distribution is

muscle and subject dependent. Values upi id8nm are therefore acceplalin practice with

only minor alterations to the observed sigii&i8].

Table 3.1 7 Impulse response ghand transfer function @ equations for the effege spatial lowpass filter
introduced by the electric potential averaging effect of an electrode as a function of its size. They represent
electrode with radiusand a rectangular electrode with sidedb, both with frequency componerfisandfy in the
x andy directions respectivelyl; is the Bessel function of first kind and first ord&27].

Circular Electrode Rectangular Electrode
Q o Q o ) )
Impulse p . . . . p. O . V.. 0O , O
Response Th w i J(ﬂ - 0w -Al A- o c
mh € /NI 0 QI mh EMMI 0VQI Q
"0 1 FORQ
Transfer U ¢“iIQ Q 'O FofichQ
Function [ Q¢ O d QF @R
¢ Q Q
Differential Amplifiers
An SEMG instrumentds differential ampl i fi

electrodes and provide common mode rejection to eliminate signal interference [sttareen
them[123]. The amplifier takes two inputs, an inverting and a-imwerting input,and produces
an output which is praptional to the difference between th¢h®29]. This can be represented
mathematicallywherewy andw are the nosinverting and inverting inputs, respectively, is

the amplifier 06sw disthefamplifeedh dutpua digngd28li n , and
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w 0 0

Gi ven an SEMG measurement wher e t wo el ect

parallel to the length of a muscle, the measured voltage distribution changes as the motor unit
action potential travels along the muscle fibers outward from the neuromusewaon to the

end of the musclebds | ength. T htreerefprereaghesgach i n g
electrode at different timeand sahe energy detected at each electisdmique from one another

at any given point in time. The signater these two electrodes are then taken as inputs by the
differential amplifier and their amplified difference is passed on into the output. The energy
common between the two of them is eliminated in this process. This property of differential

amplifiers s calledccommon mode rejecti@nd serves as an effective means to eliminate unwanted

signal interference shared between input electrftiz3). The gain for both

a) he(x,y) = Magnitude of H for square electrodes of different sizes
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Figure 3.2 1 Spatial lowpass filtering effect of a rectangular surface electrode. (a) Impulse response afe
electrode; (b) transfer function of a square electroda fob mm; (c) Section of the transfer function in the pldx
= 0 orfy = 0; (d) Section of the transfer function in the plafiesf, (45° with respect to the reference vertical plai
The s pat i a-bff frequdnties ardisdicated by dashed lifi&¥].
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inputs are ideally always equal to one another, but in reality, this is not always the case. Difference
between them mean that identical inverting andinwarting input signals may not always result

in an output exactly equal to zeh. mor e accurate representation
input, takingd as its commoimode gain, is given by 29]:

W
C

[ 0 W 0
The relationship bet ween amodeiarfdfcenmemodei a | an

games is expressed as¢mmmon mode rejection rat(CMRR) which is mesured in decibels

and represented mathematically|B33]:

Maintaining the desirabl properties of an amplifier requires its differentradde

amplification to be high and its commomode amplification to be low, corresponding to as high

1/nr? if 22+ yr<r? Magnitude of Hg for circular electrodes of different diameters

z hE(x,y)={ 0 if x24+y%>1r?

c) Sectionof 3D transfer function

z=1/mr? 10
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- x
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y P— 0.4
2- i\ 2rer- |5+ Sy
b) HE(T;fx:fy) = 02 |- \ . i __
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Figure 3.3 1 Spatial lowpass filtering effect of a circular surface electrode. (a) Impulse response of a
electrode; (b)ransfer function of a circular electrode b+ 10 mm. (¢) Section of the transfer function in any dire:
passing the origin. See caption of Figure 8127].
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a common mode rejection ratio as possible. In an ideal amplifier, this value is infinite. Typical
values of commercially available differential amplifiers range betweéea4DdB[123]. A value
in the range of 1020 dB is necessy in order to limit the interference of parasitic capacitive
coupling to 60 Hz powerlines to a negligible lefd6]. High-quality amplifiers typically have an
adjustable gain between the ranges 0f10M@00 (V/V) which helps maximize the sigiainoise
ratio of its SEMG recordingd.30].

Further mor e, a SEMG instrumentds differen
impedance. Accurate voltage measurement devices require significantly higher inputriogsed
than the impedance at the electraften interface, with the general rule suggesting input
impedance be at least 10 the times the interface impedance for any kind of measurement and at
least 100 times the interface impedance for high precision nesasots[123], [130] The
electrodeskin interface impedance is often less than¥s0kwh en using typi cal
requiring an input i mpedance of at | east 10MY
using dry electrodes, requiring an input impedance in excess d GY f or hi gh p
measurement§l30]. Failure to use an amplifier with sufficiently high input impedance can
compromise its common mode rejection capabiliiiesieasing the instruments susceptibility to

signal contaminantd.23].

Filtering

The sEMG signal is susceptible to numeroustammants beyond those that can be
mitigated by diligent amplifier and electrode design. These can affect the amplitude, temporal, and
frequency features of the recording necessary for deriving information needed for their clinical
application. Three broathtegories of contaminants exist: noise, interference, and artifacts. Noise,

more specifically instrumentation noise, refers to signal contamination arising from the sEMG
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instrument itself, including thermal and quantization noise. Interference is ttidatan of any
unwanted signals into the SEMG recording; the most common example being parasitic capacitive
coupling to 60 Hz powerlines. Artifacts are contaminants that arise from issues with the SEMG
measurement on t he sk ictrodesontsal, stretehmg mationoot chadgesr g p ¢
in impedance. Movement often makes artifacts worse, either intermittently or throughout the
recordi nd®@s. durati on

Mitigation, or even outright elimination, of these contamin@nfsossiblehrough the use
of anal og or digital filters. Contaminants |
frequency spectrum can be eliminated with a baask filter, while those lying within the
frequency spectrum can be eliminated withaadstop, or notch, filter. The cwdff frequency of
these filters should be set at the point wh e
surpasses that of the sEMG signal itsel f. As
within the 0500 Hz rang¢125], [131] an instrument may include a bapdss filter witha high
frequency cubff around 400500 Hz [131]. Selection of a low frequency eaff is more
complicated due to the ovapping spectrum of contaminant and SEMG signals at this range. Most
recommendations fall betweenZd Hz[131]. The most camatic reduction in contaminant signal
contribution occurs at a cuoff of 10 Hz, but sufficient elimination of all components may not
occur until 20 Hz. Lower reduction continues up to 30 Hz, but beyoi®03dz, distortion of the
SEMG signal itself begis to occuff{131]. The International Society of Electrophysiology and
Kinesi ol ogyb6s Standar ds tsfadilter b&dwidthroftat leagt 1980MG Da't
Hz and a minimum sampling rate of 800 Hz to accommodate this [EB2je

Several contaminants | i ei580Hzfangaandwilleemaire MG s i

after banepass filtering however. 60 Hz powerline interference is the most common example of
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Table 3.21 Summary of common EMG contaminants and methods for their prevention and mitigation. C
table modified from [125]

Name

Desciiption

Effect on the EMG Signal

Prevention and Mitigation

Instrumentation Noise and Distortion

Thermal and Flicker
Noise

Amplifier Saturation

Analog to Digital
(ADC) Signal
Clipping

Quantization Noise

Interference

Powerline
interference

Electrocardiogram
(ECG) interference

Crosstalk

Low amplitude random fluctuations in
EMG measurements due to noise from
electrical components of the acquisitiol
system (ampliiérs, filters).

Amplifier operates outside of linear
range.

EMG signal amplitude falls outside of
the range of the ADC.

ADC conversion from analog to discret
signal results in loss of information as
values are rounded to discrete values.

Capacitive coupling between the EMG
acquisition equipment and power main

ECG signal interference, particularly
when EMG is measured in proximity to
the heart (i.e., neck, back, chest,
abdomen, esophagus, and diaphragm)

EMG recordings from nearby muscles
contaminate the EM@cording of the
muscle of interest.

Artifact and other Measurement Effects

Measurement artifact

Baseline wander

Motion artifact

Poor electrode
placement

Poor electrode contact due to electrode
lift, skin-stretching, cable motion, or
impedance changes at the electrellim
interface

Signal baseline slow changes over time
due to electrochemical fluctuatioasthe
electrodeskin inteferace

Disruption of the haltell potential at the
electrodegel interface, and skin
deformation that results inchange to the
skin potential.

Electrodes placed near innervation
zones/tendinous regions record non
propagating components, efiexle type,
size, and inteelectrode distance also
influence signal quality.

Manifests as white noise (thermal
noise) and/or low frequency noise
with a rolloff of 1/f (flicker noise).

Nonlinear amplitude dtsrtion due
to reduced gain for higher
amplitude amplifiefinputs.

Signal clipped at maximum or
minimum values of ADC. High
frequency components introduced
due to discontinuities.

Random rouneff errors which
manifess as white noise

Sinusoidal signal with main
frequencies at 50 Hz in Europe ar
60 Hz in North America, and their
higher ordeharmonics.

Additive ECG signal spikes, adde:
power to recorded data in DD
Hz range.

EMG activity from nortarget
muscles.

Reduced amplitude or loss of signa
Low frequency modulation of
common mode interferee due to
varying impedance electrode
mismatch, varying capacitive
coupling, etc.

Slow drift in the baseline, yields a
low bandwidth artifact (general <1
Hz).

Motion artifacts are highly variable,
primarily observed at frequencies
<20 Hz.

Reduced EMG amplitude, increase
influence of measured noise,
temporal distortions in timdomain
due to norpropogating components

High quality acquisition
system, filtering.

Appropriate gain settings.

Appropriate gain settings.

Use full range of ADC.
Using high resolution
ADC.

High commonrmode
rejection ratio. Notch or
comb filtering.

High-pass filtering, spike
clipping, adaptive filtering,
template subtraction.

Good electrode placement
smaller electrode surface
area, smaller inter
electrode distance, spatial
filters, adaptive filters,
blind source separation.

Ensure appropriate
electrode contact, discard
contaminated components,
filtering.

High-pass filtering.

High-pass filtering.

Specific placement
recommendations for major
muscles provided by
SENIAM.
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this. Eliminating these signal componen# be accomplished with a bastp or notch filter

which has a very narrow, very steep slope in its frequency response to eliminate contaminants at a
particular frequency with minimum elimination of neighboring SsEMG signal components. In the
case of powdine interference, a barstop filter would reject frequencies between &P Hz to
eliminate its 60 Hz contributiofil23]. Suchan approach should be avoided whenever possible
however as the sEMG signal has significant contributions in this frequency range which are

desirable to include in the final recordifig0].

Detection Methods

The arrangement of electrodes in relation to the inputs of a SEMG instrument is its detection
method or electrode configurati¢h28]. There are several methods. The simplest is monopolar
detection,wherene acti ve surface electrode over the |
nonri nverting input and a distant reference el ec
and reference. This configuration most directly captures the elpoteatial map generated over
the skin by a muscleds activity. Al ot her d
combinations of these monopolar potentials. The two active electrode pair arrangement discussed
earlier is the bipolar or single ftérential detection method. The equivalent of this analog
arrangement can be determined numerically by taking the difference of two equivalent monopolar
measurements. The main difference between detection methods is their spatial s¢lE&jyiay
characteristics important in the ability to separate the recorded sEMG signal into its individual
sourceg126].

Spatial selectivity is related to detection volume, or the space in which a source a given

distance away is able to contribute signal components above the noidé2&jyeh reduction in

detection volume results in an increase in spatial selec{iv®§], which in turn leads to a
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reduction in crosstalk, or the detection of signal componeigimating from one source but being

observed at anoth§t24]. This concept is best described by imagining individual positive point

source charges located some distance belew thbs ki né6s sur f ace. These p
electric fields which produce a voltage distribution due to its diffusion within the conductive

vol ume of the skin. The result iIis a voltage d
largest magitude present directly above the point source and decreasing magnitudes extending
outwards from there. A point source farther from the surface of the skin generates a similar
distribution which is smaller in magnitude but more spatially extended. Thengeesf multiple

point sources in close proximity to one another may therefore produce overlapping voltage

di stributions on the skinbds surface. Mot or un

representation of induced voltage distributionsoliariginate from different muscles may overlap
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Figure 3.471 Overlapping distribution of stace intensities as a result of point sources some distance away. €
dimensional distribution of intensity generated by a single positive point source charge at depth h below tt
(b) Partially overlapping distribution of intensities generdigdwo point sources. (c) Profile of surface intens
along line L. Crosstalk and overlapping surface intensities were discussed in relation to point light sources
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to produce a blurring effect. This is the phenomenon of crosstalk, and it can be caused by both
muscle fibers in close horizontal proximity and by the spatetiygnded voltage distribution
originating frommuscle fibers located deeper below the §k#t8]. As a result, a single differential
detection method can be used to Iimprove the sy
surface by introducing its own spatial filtering effesth er e t he ainvprtingdnder 6 s
inverting inputs apply positive and negative weighting to the two recording electrodes as a means
to partially eliminate the signal contributions of deeper muscles shared between them. The result
is a reduction in asstalk from deeper muscles compared to equivalent monopolar detection
methodq133].

Crosstalk can also stem from tkeedof-fiber effect This is a norpropagating signal

components caused by the extinction of a moto

a) b) c) d)
. ) fiber
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simulated experimental
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Figure 3.517 Representationfahe endof-fiber effect. (a) Tripole extinction representation. The first current
stops at the end of the fiber; as the second current pole continues to propagate, the dipole formed bel
narrows until it is eliminated. The final dipole beemethe remaining current pole and the third current pole
narrows and is eliminated as well. (b) A linear electrode array placed over a simulated motor unit. (c) Simula
of (b) with monopolar detection. (d) Experimental results of (b) withopolar detection [124].
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muscle fiber. For a singlmuscle fiber, this can be represented as a sequence of discrete events:

(1) the action potentialds first current

pole continues to propagate, the dipole formed between them narrows unglimirgated, and

pol e

(3) the final dipole between the remaining current pole and the third current pole then narrows and

is eliminated as well. This phenomenon can cause distortions of the SEMG signal, but its impact

is mitigated by single differential detemti methods instead of monopolar ofte34].

Sensing Arrangements

While the two active electrode pair configuration is useful for establishing the fundamental

instrumentation carepts of SEMG acquisition, the arrangement provides a limited amount of

a) Monopolar b) Single differential c) Double differential d) Zoomed monopolar

-—>_ ——s IED =10 mm
-—Ci -'C_ Conduction
° -_— - velocity = 4 m/s

Yy

Ref.

_—V— -
[1.00 a.u. [1.08au. 10ms |216au. [ 1.00 a.u. 2ms
—TS=0mm; =——TS=65mm; ——TS=10mm; —— TS =15 mm; TS: tendon spread

Figure 3.6 1 Three different electrode configurations and their results when monitoring a simulated motor ur
potential as arbitrary units (a.u.). Electrodes are arrangedliasar array with 16 points. Arrangements art
monopolar, (b) single differential (SD), (c) double differential (DD), Distortion present at the edges of the ¢
array are due to thendof-fiber effect a phenomenon discussed later on in thiskwBoth SD and DD metho

somewhat mitigate this distortion [124].



information in practic¢127]. Introdwing additional electrodds the SEMG instrument enables a
far greater quantity of information to be collected. An increasingly common example of this is the
linear electrode array, an approach which can capture a spatial map of instantaneous electric

poenti al s on talorg[l3k Thesé Imeaselectrbdascaee able to detect signatures

of multiple motor unit action potentials, estimate their length and their coadwalocities, and

identify the site of their innervation zongE28], the region where most motor end plates are

grouped near the middle of a motor Jai24].

Linear electrode arrays can still only monitor along the length of a muscle however, a single
spatial axis. Twalimensional electrode grids can be used to capture even more spatial
information. They can provide insight into the propagation of action poteintitsir transversal

direction, enable better discrimination between motor unit signatures for their decomposition into

electrodes
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Figure 3.7 7T Schematic diagram of a linear electrode detecting two propagating motor unit action poter

electrodes produce 15 measment channels as a result of their arrangement retative t h e

[128].
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individual motor unit action potentials, and capture the localized behavior and territory size of

active motor units in spa¢#28]. These twedimension grids are defined by their number of rows

and

def
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umns of

i ons ¢c

el

an
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t heir
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c ad frequenayt e
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a

[134]. sEMG acquisition with the use of grids with sufficiently high spatial density may be referred

to as highdensity surface EMGHD-sEMG)[135]. The data captured by such an instrument takes

the form of a twedimensional analog signal of the instantaneous spatial voltage distribution across

t he

s ki

nos

3 bathftimecaed spagem\piduadlyd this can be expressed as a sequence

of maps containing the voltage distribution divided up into a collection of pixels which, in a

monopolar detection scheme, are each representations of a single electrode. Furthemguodcessi

this map, such as calculating the root mean value (RMS) of each pixel over specific time intervals,
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Figure 3.817 sEMG detection performed with a tvadmensional electrode grid. (a) Schematic representation
electrode grid with 8 rows and 8 columns. Each electrode can be taken with respect to a shared referer
achieve a monopolar detection scheme or as the difference between two adjacent electrodes to achieve
single differential detemn method. (b) Time sampling of each channel for monopolar and (c) single diffe
detection. (d) Spatial representation of the sEMG signal as the root mean square value (RMS) of each ct
specific time intervals to produce a series of imagesi124].
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can produce frames which depict specific signal features of inf@8t The exact method of

analysis employed will depend on the information desired for the particular application in question.

3.2.2 Motion Sensing

Although sEMG provides substantial insight into the nature of muscle activation and
coordination during motor exetion, it offers little information about body movement itself. Some
form of motor sensing must be combined with sEMG functionality in order to assess the full scope
of motor execution. SEMG is often found as but one component of-cauttponent movement
asessment systems for this reagdB6]. A vast range of sensing technologies exist for this
purpose and hold varying degrees of adoption within the field of weahaléh monitoring

systems. Two particularly relevant options imertial measurement uniendstrain sensors

3.2.2.A Relevance

Inertial measurement units (IMUs) and accelerometers are by far the most popular sensing
technology in the wearable health monitorgygtems field116], [137] They typically appear as
several sensor nodes distributed across different locations of the body to capture kinematic
parameters such as orientation, position, and velocity to assess body posture, joint rariga,of mot
and other relevant metri¢$16]. Placements above and below joints, including those of the neck,
fingers, elbow, shoulder, hip, knee, and ankle are con®8]. These devices are small, cost
effective, and noiinvasive tools with a demonstrated capacity to provide accurate and portable
motion tracking[138]. They are frequently combined with SEMG sensing in wearable platforms

to provide a holistic assessment of movement dysfunfi@e.
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3.2.2.B Sensing Properties and Considerations

An IMU is an assembly of multiple stdtomponents. This includes three orthogonal
gyroscopes and three orthogonal accelerometers mutually aligned witbteacto form a single
sensing unit capable of measuring its own movement using the principle of inertia. Each
accelerometer measures linear acceleration and each gyroscope measures angular velocity about
one axis. By combining three of each, IMUs areab measure both threkmensional linear
acceleration and angular velocity with respect to the electronic sensing system they are embedded
within [140]. A magnetometer may also be includ288]for the carection of measurement errors
[140].

Despite their popularity, IMUs are not without issue. Numerical integration of IMU data is
used to determine mechanical quantities of interest. Angular displacement, for instance, is
estimated from numerical integration of angular velocityda f r om an | MU&6s gyr o
velocity and linear displacement are similarly estimated from the first and second numerical
integration of |inear acceleration data from
initial measurements, no matteow small, will accumulate in this process of integration. Over
time, this leads to driff140]. Acceleration due to gravity must also be eliminated before these
numeri cal i ntegrations can be performed. Doi n
in space. An estintimn of this orientation can be achieved throtighnumerical integration od
gyroscopeo6s an dgut hesertoo,\drftlcandend ty inadcaracies. To mitigate this,
orientation estimates can be periodically reset whenever a known kineratgicsstietected by
the system to correct this drift, such as when a static state is detected. Magnetometers can also help

by resetting drift estimates about the vertical axis using the local magnetic North as an absolute
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reference. Naturally, this latteption is subject to interference by nearby ferromagnetic objects,
but, barring that, the result is an obtainable, full 3D orientation of the device in[$gate

Motion artifacts and potential misalignment between IMU and anatomic axes are additional
concerns specific to humamovement assessment. Rigidly fixing the IMU to the body segment of
interest can help minimize the chance of large motion artifacts, while those due to soft tissue
movement or external vibrations may be further mitigated through signal filtdvlagual
alignment of the IMU axes with the anatomieaies of target body segments provides limited

accuracy, but errors may be correctable in4postessing using gravity alignmga#0].

3.2.3 Strain Sensing

3.2.3.A Relevance

Strain sensing is less prevalent than IMUs in wearable healthcare systémageoeceived
notable research attention for their application to human movement monitoring. The technology is
versatile enough to be applied across large joint movements to just the subtle deformations of pulse
or respiration[141]. Sensors are often applied at the knees, ankles, elbows, and hands for
movement assessment of joifigll] and the shoulders and upper trunk for posture deviation
assessmelfil16]. Wearable textiles with integrated strain sensors have been used for monitoring
kinematic parameters relevant to motor execution assessment and demonstrate a potential avenue

for improving the convenience and accessibility of remelt@bilitation techniqudd.42].

3.2.3.B Sensing Prperties and Considerations
Strain sensors can be classified based on their transduction method. Five methods are
common: resistive, capacitive, optical, piezoelectric, and triboelectric. Piezoelectric and

triboelectric sensors have limited relevance toragi@ rehabilitation systems because of their
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high operating frequencies and inability to capture static strain due to fast charge transfer. Resistive
and capacitive strain sensors have been the subject of extensive study demonstrating their
usefulness fothis application however, offering a relatively simple readout, high stretchability,
and acceptable dynamic performafitél]. Optical strain sensors have shown similar suitability

due to their resistance to environmental factors and minimized sensitivity to electromagnetic
interferencg141].

Resistancaype strain sensors monitor change in electrical resistance of a conductive
material as a result of geometric deformation, the intrinsic resistive responsat&ifaia
themselves, and disconnection mechanisms [CITE 83]. As materials are stretched, their cross
sectional area changes due to contraction in the transverse direction of stretching based on the
mat erial 6s Poi sson r at i ctrain totaedal straengla the case ofraat i o
conductor, this change in geometric properties leads to a change in its electrical properties. Its

resistance can be geometrically defifibdll]:
v o2
0
Where0 is the length of the conductor ,is the crosssectional area of the conductor,
and” is the electrical resistivity of the conducting material. Resistancecohductor therefore
increases alongside increasing length and ddogeassssectional area, allowing it to serve as a
measure of the applied mechanical strain that deformations of these geometric properties stem
from [141], [143] Changein resistance can also stem from the mechanical deformation of a

semiconductor inducing a change in its bandgap interatomic spacing or mechanical deformation

which causes the propagation of microcracks and reduction of conductive overldd4t¢as
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Capacitive and optical strain sensors are mostly limited to the use of geometric deformation
as their principlesensing mechanisifi41]. Given a strain sensor arranged as a paflibeé
capacitor, its capateince an be defined g443]:

p - ao
Q

Wherea,0 ,andQ ar e the capacitordés initial |l engtt
respectively; and - are dielectric constant of vacuum and relative permittivity of thecliet
media respectively, andis the strain affecting the capacitdra ki ng t he strain s
capacitance a8 - - U0 TQ , this relationship can also be expressedas p - 0 .
This linear function of applekstrain holds until the linear relationship between different axes via
the Poissonb6és ratio becomes [i48lval i d at some |
On the other hand, optical strain sensors rely on the attenuation of light transmission when
stretchable optical waveguides are geometrically deformed. The absorbance of a waveguide,
derived fom the Beel.ambert Law, can be representeddas ‘Q ¢) tvhered is the absorbance,
Qis the absorptivity of the optical materiabjs the concentration of chemical species in the
medium attenuating light, andis the length of the waveguide. When stretched to stiaiiis

absorbance can befawed ag141]:

O —_—
p T

Where®is the output power loss aid is the baseline absorbance. This power loss can
then be expressed és p @ O -, assuminglandoremain constant during stretchirtg reveal
a linear relationship between output povwess and applied strajti41].

Strain sensor design and performance can be assessed by seven nretabsb#ity,

sensitivity, linearity, hysteresis, response time, recovery time, and dynamic durability.
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Stretchability reflects the maximum strain under which the sensor maintains its physical integrity

and response stability. Sensitivity quantifies th@raf relative change in output signal to applied
strain and is defined as the sensordés gauge f ;
determinaton ® obtained via |inear regression. Hy st
curren state on its history. Response time and recovery time are the amount of time required for

the sensors to reach and return, respectively, to a sstatdyresponse, and dynamic durability is

the endurance of the sensor to ldagn stretchingeleasing gcles[141], [143]

3.3 Modern Electromyography and Motion SensingApplications & Technology

3.3.1.A Applications to Rehabilitation

The usefulness of SEMG monitoring emerges frombiktyto observe the organizational
control of muscles during motion. Its suitability to distinguish between physiological and
pathological activation patterns through the detection of agonist and antageaisivetion was
demonstrated early on intheec hni gqueds history, and its cli
coordination has only grown alongside its developrfiefd]. It has found common use in clinical
gait analysidor bothfunctional diagnosiandmonitoring therapeutic outcomés examplg144].
Even the conventional, single differential SEMG instrument provides reliable information on the
general and temporal activation of muscles and muscle groups in nearly all clinically relevant
situations including dynamic movemeistpmetric contraction, in patients with severe movement
disorders, and in both adults and childjf@d4]. Advanced sEMG techniques such as-two
dimensional electrode grids offer even more insight into muscle force, motor unit recruitment and
derecruitment strategies, muscle length, innervation zone locations, muscle fatigue, and more
[144]. This information can find immediate relevance in monitoring pathological alterations of

primitive motor unit activation synergies, estimationsnaiscle force contributions of several
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muscles to teach or modify activation patterns, quantitatively assessing muscle fatigue via changes
in muscle fiber conduction velocigndfrequency spectrum shifts, evaluating muscle spasticity
and over activity, loation innervation zones for proper placement of electrddq and injection
of botulinum toxin for treating muscle spastidiiy}5], detecting truck compensatory movements
that may limit rehabilitation training effectivene$$46], identifying causes of acquired
deformities to drive treatment selection, aedving as a control signal for prosthetic and assistive
devices[144]. The development of portable research and commercial SEMG sensing platforms
havealsodrawn attention for theossible use in teleehabilitation practice and potentialitake
the current irpatient uses of SEMG available to home and community environfi&as

IMUs and strain sensors are both used in wearable rehabilitation systems to monitor body
movement kinematicfl42]. Continuously collected data from the two modalities can provide
objective, quantified information regarding the orientation, position, velocity, body posture, and
joint angle of subjectfl16], [141] all of which are essential elements for the assessment of
common mobility tests, identification of pathological movement, characterization of disease stage,
fall management, activity recognition, and certain treatment augmentaticmss biofeedbaek
based motor traininffL39]. IMU -based systems specifically have demonstidnigh reliability
and low measurement error for more timed up and go (TUG) clinical test measures, the ability to
identify kinematic gait variable differences between stroke and control groups, and level of truck
control during static activitiegLl39]. They have also shown comparable treatment outcomes in
patient balance, mobility, strengthnch range of motion when used for biofeedbheked
treatment as those seen with therapidiy cueing[139]. Strain sensing has shown suitability for
similar assessments, including monitoring hand motion, joint movement, and the identification of

compensatory movementk47]. Wearable rehabilitation systems can leverage these capabilities

71



an offer a unique route to extendpatient training opportunities and improve existing training
quality for patients through independent learrémgl remote home exercises which utilize data
driven assessment and feedback in place of cospigrison monitoring by therapiqtsl 6].

Combining sEMG, motion sensing, and stransing together offers far greater potential
use however. Such systems providawchmore complete picture of human motor function, with
kinematic parameters monitored by IMUs and/or strain sensors and the organization control of
muscle groups by sEMG imaments [136]. Under this combined approach, the specific
applications of each sensing modality may still be performed while also enabling improvements
in the appliations shared between thelror example, the characterization of motor abnormalities
in a set of performed functional motor tasks from data collected by a wearable system equipped
with both IMUs and sEMG instruments demonstrated superior performance thtbeiy
combined use than when one or the other was used [Al48F A system incorporating SEMG,
strain sensors, and IMUs demonstrated a further advantage, where the placement of multiple
sensors enabled the detection of compensatory movements dueragses which may have

otherwise gonendetected should only one or two of the sensing modalities been emild9éd

3.3.1.B State-of-the-Art Technologies

Table3.3 and Table 3.4provide surveys of $ect research publications and commercial
devices which incorporate wearable SEMG sensing. Present within the selected wearable SEMG
research devices was the recurring trend to overlook many of the spatial sampling considerations
relevant to the accurateamitoring of muscle activity. Two publicatiorj&50], [151]failed to
specify the IED used despite providing the dimensions of electrode§l 52jdailed to specify
the dimensions of the electrodesed despite providing the IED used, three used electrodes with

dimensions either too larg&51] or nearly too larg¢l50], [153}0 detect the wavelengths of all
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motor units near the surface of the skin, and[iV&8], [154 utilized IEDs above the recommended
8-10mm limit to avoid spatial aliasing. While the exact spatial requirements of SEMG
measurements varies between subjects, muscles of interest, and physiological information to be
acquired[128], design cosiderations regarding these factors were rarely discussed in the
literature. Furthermore, other than assessment of general motor function, few chraleaibnt
rehabilitation measures were specifically targeted in either research or commercial devices.
Table 3.5and Table 36 provide similar surveys of select research publications and
commercial devices which incorporate IMU and strain sensing technolognes elaonjunction
with one another, and in conjunction with sEMG capabilities. Across both academic and
commercial ecosystems, IMUg4], [155], [156], [157kaw significantly more use than strain
sensord24], [157], [158]and no reseah or commercial system surveyed contained strain and
SEMG without also including IMUR4], [157] When present, resistantge strain sensofg4],
[157], [158]were more popular than capacitiyge sensorfl59]. No opticaltype strain sensors
were present in any of the systems surveyed. In one of the two systems containing all thrge sensi
techniqueg24], the sensitivity of strain sensors was leveraged to detect compensatory shoulder
abduction motion not captured by its accompanying IMU, demomsjratpotential application

of this undeiutilized technology.

3.4 Wearable SEMG and Motion Sensing Stroke Assessment System

Although wearable healthcare technology presents great opportunity to improve home and
community based rehabilitation practices, thadeptial has largely gone unrealized. Clinical
adoption of these technologies remains low. Few comprehensive wearable rehabilitation systems
exist in either academic or commercial ecosystems which go beyond general sensor functionality

to specifically targt rehabilitation assessment applications, and those that do often possess
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significant drawbacks. Much of the technology currently available for remote care falls short of
the patient ease of use required for its widespread adoption, often being verprcostuiring
caregive assistance for their set(ip60]. Others employ rigid forafiactors, offer only a single
sensing modalitycannot be easily reused, or overlook rigorous design of essential sensing
parameters. Many of these barriers can be overcome through the developroemtesfient,
wearable rehabilitation platforms which specifically target and demonstrate the ability to monitor
clinically-relevant assssment parameters through comprehensive sensing approaches. Once
developedthesesystems could serve a crucial role imther clinical studies and help bridge the
current gap between technical and clinical resefdr20).

Such a system is outlined below. Its design incorporates SEMG, joint angle strain, and 3
axis acceleration sensing in conjunction with snhigtt-weight electronics to create a convenient
and reusable armband fotfiactor for the specific purpose of monitoring clinicalblevant stroke
rehabilitation assessment parameters. Recommended sensing design parameters are strictly
adhered to in ordeio enable more advanced sensing, such as HDSEMG monjtorifigture

system iterations.

3.4.1 Platform Design & Implementation

The NeuroRehab platform is composed of three primary components: a novel silver
nanowire (AgNW) seEMG dry electrode patch and straimseg a set of custom printed circuit
boards (PCBs) serving as the systembébs core el
other components are incorporated into. The platform is controlled wirelessly by a custom
Bluetooth Low Energy (BLE) imtrface which connects to the device, initiates recording sessions,
and received transmitted sensor data. The textile armband structure and use of dry electrodes

allows the platform to be easily setup and reused with minimal preparation time. A 4g, 150 mAh
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lithium polymer (L-Po) battery provides up to 7.5 hours of continuous data collection and may be

recharged using

the platformbs wireless

charg

T 229 for the system electronics, 4g for the battery, and@apé armband structure and sensors.

3.4.1.A sEMG Electrode Patch & Strain Sensor

The NeuroRehab platform integrates support for novel AQNW sensor designs provided by

Dr. Yong Zhuos

Nanomechani c[481]a[188] Thesemdueleag i ne er

Table 3.371 Survey of selecacademiavearable SEMG systems with applications relevant to neural rehabilit

Referene Detection Method Channels  Application/Purpose  Methods and Results
1 Wearable armband electrode array for
determining hand gestures via muscle activatiol
Prosthetic control: represented as 2D pixel maps
Tam et al, HD-sEMG; 32 hand gesture ' 1 48dry electrodes (é 8mm, A = 5027mn¥,
2020[150] Monopolar gest circular) on PCB pads integrated with flexible
classification - . o
fabric or vinyl; IED not specified

1 RHD2132 AFE for acquisition; Wi
transmission

1 Modular sensor uni¢lectrode patch combination
usable in multdevice monitoring of different
sites of interest

1 Up to 32 dry electrodes organized as either line

. _ . arrays or HBsEMG grids per site (diensions
Ceroneet al, Linear Ag,ay gnd HB Distributed sensing; not gpecified); IED =95mrr‘1) or 10m(m depending
2019[151] SEMG, 32 _ system on experiment performed
Monopolar miniaturization . . .

1 Demonstrated reliable performance in multiple
exercises: leg extension, gait, lifting, cycling, an
jumping

9 RHD2132 AFE for acquisition; WMFi
transmission

1 Stretchable sEMG epidermal patch and wearab
FPCB &quisition circuit for monitoring of muscle
strength and fatigue on the forearm with respec

Gong et al, Bipolar Pair; 1 Muscle strength and gadnd Zi‘ynamohm?ter regordl{]gs5 |
2023[154] Single Differential fatigue monitoring Il ry Aumesh electrodes (10x5mm, rectangula

for one single differential measurement. |ED =
20mm

1 Acquisition performed with discte components;
Bluetooth transmission

Ergeneci et al,
2018[153]

Not specified;
Single Differential

Data acquisition
8 system;
Noise cancellation

1 Wearable twestage SEMG acquisition system
with adaptive contraction detection and powerlit
noise rejection

f16drygoldp| at ed copper el
circular); IED = 20mm

1 Acquisition performed with multiplexed discrete
components; WFi transmission.

Tedesco et al,
2022[151]

Bipolar Pairs;
Single Differential

Remote knee
rehabilitation

1 Multi-sensor wearable garment system for the
reattime assesnent of physical rehabilitation
exercises

1 12 dry nylon silvercoated woven fabric
electrodes (40x40mm; rectangular); IED not
specified

1 Acquisition performed with custom circuit (not
specified); Bluetooth transmission.
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Table 3.4 i Survey of select commerdi wearable SEMG systems with potential applications for ne

rehabilitation

Device Company

Cost

Detection Method

Channels

Features

Shimmer3
EMG Unit
[161]

Shimmer

$738

Monopolar

1 Acquisition unit only; wrist and waist straps

f65x32x12mm si z©DRg®&i B
SPS

1 3 electrode connection ports: 2 active monopola
1 shared reference

1 Bluetooth transmission

Trigno EMG
Sensors
[162]

Delsys

Not
specified

Various

Various;
1,2,and 4

1 A collection of EMG acquisition systems for
applications including gait ¢th) [163], motor unit
detection 4-ch) [164], finger (:ch)[165],
Hand/forearm (Zh) [166], face (4ch)[167], and
customizable snap lead connectiongl}[168].

All require an additional system for data
acquisition

1 Dry electrodes (various sizes); IED = 10mm (5m
for motor unit detection)

1 BLE transmission

DataLITE
Wireless EMG
[169]

Biometrics

Not
specified

Not Specified;
Presumed
Single Differential

Various;
2,4,8,and
16

1 A collection of wireless EMG acquisition system:
with options for 2, 4, 8, and 16 channels

1 Dry electrodes (d = 10mm, circular); IED = 20mi
[170]

1 Wireless transmission method repecified

MyoWare 2.0
Muscle Sensor
[171]

MyoWare

$39.95

Single Differential

1

1 An analog front end device intended for use witt
an expanded data acquisition system for recordi
raw, rectified, and amplitude envelope signals

1 3 electrodeconnections: 2 bipolar electrode pair,
reference

1 Intended for use of up to six devices connected
Arduino system§172].

armband

[173] MindRove

$679.00

Not specified,;
Presumed Monopola

1 Wearable &hannel SEMG armbandsigm

1 10 dry stainless steel electrodes: 8 active
monopolar, 1 bias, 1 reference. Dimensions and
IED unspecified. Limited to 500 Hz sampling rat:
[174]

1 Wi-Fi transmission

FreeEMG
[175]

BTS
Engineering

Not
specified

Not specified;
Presumed
Single Differential

Va{ious;
020

1 Portable EMG system for use with up to 20
wireless probes equipped with two electrodes e

1 Electrode type, size, and IED not specified

1 IEEE802.15.4ata transmission
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Table 3.571 Survey of select research wahle systems utilizing various motion sensing techniques for ni

rehabilitation

Reference

Sensor(s)

Application

Methods and Results

Michaud et al,
2016[158]

3 resistive strain
sensors

Hand motion tracking

1 Epidermal strain sensors arranged over the han
monitor finger flexion and joint angles during fin
motor tasks

7 50umthick U0 50%. Axi al GF
GF = 0.05. SensiYt/idwigt

1 Demonstrated fast and stable response with
minimal impediment to natural finger movement
More than 1®accuracy when compared to a
commercial vision based tracking system

Alhwoaimel et al,
2020[155]

3 IMUs

Trunk impairment assessment

9 Three commercial IMU devices were placed on
the sacral spinal level S1, L1 and on the sternui
Data was transmitted wirelessly

1 Monitored range of motion of affected and
unaffected sides of healthy addronicstroke
participants during upper and lower trunk
rotations. Compared symmetry

1 Demonstrated feasibility of instrumented trunk
assessment using IMUs with moderate validity

Pan et al,
2021[156]

7 SEMG bipolar
pairs, 4 IMUs

Upper limb motor assessment

1 Bipolar electrode pairs placed ovauscles of the
shoulder, upper arm, and forearm; Four IMUs
attached to the waist, upper arm, forearm, and
hand

1 sEMG filtered with 2650 Hz banepass range.
Rectified and integrated over 20ms intervals to
extract an SEMG envelope

1 Evaluated features: max shder joint angle,
upper arm peak speed, upper arm average spe:
torso balance degree, and similarity of muscle
synergy

1 Demonstrated significant differences between
stroke and control group assessment and a
relatively high Spearman correlation coefficent
with the FM scale. Consistency between the
features and clinical FM scale.

Little et al,
2021[157]

4 sEMG bipolar

pairs, 2 IMUs, 1

stretch (resistive
strain) sensor

Elbow motion trajectory prediction

1 Four bipolar electrode pairs placed over Biceps
Brachii, Triceps Brachii, Anterior Deltoid, and
Pectoralis Majao Two IMUs placed on the dorsal
sides of forearm and upper arm. Stretch (strain)
sensor wrapped around upper arm.

9 Sampled at 167Hz; sEMG fulfave rectification
and lowpass 30Hz filtering; IMU lowpass 2Hz
filtering, differentiated and réltered twice.

Strain lowpass 4Hz filtering

1 Demonstrated successful extraction and use of
kinematic and physiological signal features
collected during elbow flexion movements.

Lorussi et al,
2016[24]

1 sEMG
electrode array,
17 IMUs, 8
resistive strain
sensors

Stroke patient daily life conditions
assessment

1 One textile electrode array on shoulder abducta
(10mm square; IED = 20mm) detection method
not specified; 17 IMUs distribatl across feet,
upper and lower legs, upper and lower arms,
chest, back, hand; strain sensors on knees, bac
shoulder, and fingers

1 sEMG full-wave rectification, bangass 10
300Hz filtering, taken as envelope; IMUs sampl
at max 120Hz; strain sensor sdimg frequency
not specified

1 Demonstrated unobtrusive wearable system
capable of kinematic and physiological signal
monitoring and detection of compensatory
movements
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Table 3.6 7 Survey of select commercial wearable motion sensing systethgutential applications for neur:

rehabilitation

Device

Company

Cost

Sensor(s)

Features

Stretch Sensor
[159]

LEAP
Technology

Not
specified

Stretch (strain) sensor

1 Stretch sensor with or without sensor electronics
module; designed to be embedded into elastic ar
deformable materials for movement monitoring

1 1000Hz update frequency; 80m(B0%) maximum
linear stretch; &V linear output signak0.2W
power consumption

9 Capacitive sensing mechanism

Variable Resistor
Sensor Fabric
[176]

Eeonyx

$24.95/sheet

Stretch (strain) sensor

1 33x30cm fabric with bidirectional variable
resistance; described as perfect for stretch or str:
sensors; no buiiin data acquisition system

1 Nylon and spandex fabric with conductive coatin
20KY /in%; No appreciable change in resistivity aft
30 washes

MVN AWINDA
[177]

Movella

Not
specified
($3,575 for
research kit
[178)

IMU

1 Wearable setup containing 17 wireless IMU
sensors distributed across the body and held witl
straps

1 Designed for dynamic motion capture; Requires
additional purchse of processing software

Ultium Motion
[179]

Noraxon

Not
specified

IMU

1 Wearable setup containing 16 wireless IMU
sensors distributable across the body and held w
either straps or adhes

1 Designed for collection of kinematic measuremet
for all types of motion; Requires additional
purchase of processing seftre

Ultium EMG
[180]

Noraxon

Not
specified

sEMG, IMU

1 Wearable setup containing eight sensors with
bi polar pair connector
4000Hz, | MU ODR @it400tF
resolution, CMRR< -100dB, Z, > 100MY,,
5/10/20Hz and 500/1000/1500Hz software
selectable filter bandwidth settings

1 Requires additional purchase of processing
software
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SEMG dry electrode patch and a strain sensor. Two variants of the electrode patches were designed:
an agonistantagonist pair monitoring version where eight sirdifeerential electrode pair
channelswvere distributed evenly across the biceps and triceps, and a 4x4 HDSEMG grid patch
version which can be used in either sindifferential or monopolar detection schemes over a
single muscle of interest. Both versions employed 4aiameter circular electdes with 10mm

IED between channel electrodes. All conductive elements besides the electrode contacts were
encapsulated with PDMS. Small PDMS spacers are applied to the back of each electrode site to
improve skin contact with the skin. Channel outputs wewted through a commercial, -ptn

FFC using conductive-axis tape adhesive to produce a reliable, standardized connector output.
The strain sensor utilized a crack propagation architecture to create a reliable rggistsensor

which was then adhestdo and covered by dual layers of kinesiology tape for its integration to the

larger armband forrAfactor.

3.4.1.B System Electronics

The NeuroRehab pl atd$aredvidled int®o yheee separate teat@lf r o n i
SEMG, and strain/motion modules used toiegtxr and wirelessly transmit sensor fremd data
over BLE to a custom software interface running on a secondary mobile or laptop device. Each of
its two sensor frorend modul es possess FFC connectors f
custom AgNW sengs. Additional support is offeretbr commercial sensor alternatives through
a collection of FF@o-snap connector adapter modulé€3onnection between modules is
accomplished by flexible JST cable assemblielse combined set of electronics have been
iterdively designed to bring its weight and size down to a minimum as a means to maximize its
wearability and convenience. Expressed in total aredl sf/stemmodules, the electronics have

gone from 9,190m#Amt its largest, to 7,987nfB3,612mm, 1,574mm, and now 1,264mmat its
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smallest. The combined weight of all system modules is a mere 8g (17g with the inclusion of its
battery and intemodule cable assemblyd.minimized flexible system variant was also designed
with a total area of 890mhby replacinginte-module cable assembly poststh thin, flexible

trace connection3.he platform operates at an internally re¢edk8.3V with an approximate 8mA

Central Module

" BQ5105
[3'7 Li-Po Battery \virqless Charging]

ADP160

10-pin

Strain/Motion Module

ADXL362
3-Axis
Accel

3.3V Reg. J

CC2642
BLE5/SoC

TPS62205
2.5V
Converter

MAX889
-2.5V
Converter

JsT |7

; JST FFC
' ADS1114 | | Voltage

1 ADC Divider

1

Strain
Sensor

sEMG
Electrodes

SEMG Module .
\ 1
— 1
ADS1299 16-pin |1 |
EMG AFE FFC [}
1
1
1
b1- snTeseEes sy
/_‘ﬁ —\1
1
1
ADS1299 | | 16-pin | |
EMG AFE FFC |1
- 1
1

sEMG .
Electrodes |

Figure 3.91 System electronics and wearable integration of the NeuroRehab platform. The electronics ar

into central, SEMG, and strain/motion soimdules which interface with the platfodns

sensor

S ar

data to an external software aggregator over Bluetooth. Sensors and electronics are integrated onto an ar¥
factor to produce a reusable, wearable system. Platform performance was validated with a benchmark
incorporating both commercial brass rivets for SEMG electrodes over the biceps and triceps and novel Ag

sensor over the elbow.
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current draw during data collection, allowing for over 18 hours of recording on a single charge.

Wireless charging functionality is algarovided by the system féurtheruser convenience.

Central Module

Overall system control is coordinated by its central module. This module handles
configuration and dat a r e tendnedubs,|lperformoathpoivdre sy s
and charging management, manages wireless BLE communication with external software, and
performs data prprocessing and compression to optimize data throughput. ItseBhBled
systemon-chip (CC2642, Tl) plays most significantralen t he modul ebés oper at
BLE stack, digital communication with other componeats] handling all data pigrocessing
and compression. Power management i s perf orn
(ADP160, AD) which provides power tdl ather platform components, including the 2.5V buck
(TPS62205, TI) anek.5V charge pump (MAX889TESA, Maxim) converters required for SEMG
module operation. A Qi vl:2ompliant wireless power receiver and battery charging circuit

(BQ510508B, Tl)is also pesent to manage inductive battery charging for the platform.

SEMG Module
The platformbés s EMG swith ¢he systemdtlerough ate dedicatedn t e r f
SEMG module. The module employs a biopotential measurement ADC-efdnfcircuit
(ADS1299, TI) capble of simultaneously monitoring up to 8 monopolar or stdgferential
EMG channels at programmable sampling frequencies up to 16 kHz and PGA gains up to 24 V/V
with a typical CMRR 0f120dB. This is configured to 1 kHz sampling frequency and 24 VIX PG
gain by the platformbébs central modul e. Mul t i
increase the total channel count by multiples of 8, limited only by the time required for data

retrieval to occur between samples. Two variants of the SEMG modutedesigned based on
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this feature. The first version features a single ADS1299 davsapport up to 8 SEMG channels
withalépi n FFC connector to interface witpm the p
FFC connector to interface with grounddaeference electrodes. The second version features two
ADS1299 devices in a cascaded connection arrangement and the internal clock of the first device
shared with the second support up to 16 SEMG channeds additional 16pin FFC connector

is includedon the second version to interface either a second electrode patch or a secondary
connector of an expanded electrode paltcteither case, control of the ADS1299(s) is managed

by the CC2642 of the platfor mdéds ovenSPlrrecdivesno d ul ¢
an interrupt signals when sample data is ready, and reads back data over SPI. The central module
al so provides the ADS1299 &%anadlog¥olitagdinpgts. Omidnal v o | t ¢
expansion modules were also designeadltow alternative electrodes to connect to the sSEMG

module through its FFC connectors for both development and commercial benchmark

comparisons.

Strain/Motion Module

Both strain and accelerometer motion monitoring is performed by its own respective
moduleThe pl atformés strain sensorpniFFCtcennectarc es wi
Change in the strain s e nresstivédividar @reuit \with annPAD€@ i s n
readout (ADS1114, TI). The fromnd circuitry can be configured betwea low (@ 7 1kq) or
high (50@ 7 12kq) operating range depending on the output range of the strain sensor by
changing a single ehoard reference resistor during PCB population. Space for an additional
resistor in the divider circuit is also provided should arigetfoe needed. Support for capackive
type strain sensors is also provided in an alternate version of the module through a cagacitance

digital converter device (AD7241, ADAd di t i on al motion sensing 1is
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3-axis accelerometer (AXL362). The frontend components of the two sensing modalities are
both configured and read by the B6CR6dMddat i th
samplirg frequencies are setto 100 Bznd control l ed by the ADXL36:

signalt o the centr al modul ebs CC2642.

System Firmware

Task schedulinppnd power consumption of twee pl at f
optimizedt hr ough its wuse of the CC264206s int-ernal
end configuration, managemeatd data retrieval independent of its main processor. This sensor
controller CPUactivates based on data ready interrupt signals from the ADS1299 and ADXL362
to execute a set of de associated with eachhis code repeatedtyiggers to readvailable da
from the respective frorgnd device until a given number of samples has been acgainetich
point a software interruptisissuedn t he CC2 6 4 2 6 sThipinterrapathey inifatesd ¢ e S S ¢
sample data handff between the twprocessorsFor sBMG sensinganinterrupt occurs after 7
samples when using thecBannel module andssamplesvhen using the E6hannel module. For
accelerometer sensingpinterrupt occurs aftesnly asingle sampleln addition to data haraoff,
t he accel ecaediaterrept dss triggessstrain sensor sample to be recorded by the
CC264206s pr i Mmaavoyd the possibtys o data loss, the hasftiprocess employs
a dual buffer system, where one buffer is designated for active use by the satsdlec front
end task while a second is designated as inactive and ready for reading by the primary processor.
The sensor controller task then alternates between buffers once its currentlpusttimteecomes
full and is offered to the primary procesdor handoff. The previously inactive buffer is then

brought back into use and overwritten.
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Wireless Transmission Scheme

Wi reless connectivity is managed by the C
modified version of itsSimpleProfile GATT profileThe profile provides access to four service
characteristicssystem configuratigrstrain data, accelerometer data, and SEMG data. The system
configuration characteristic is a 10 byte read/write service used to configure and issue commands
to the systemlectronics through the external software interface. The strain, accelerometer, and
SEMG data characteristics are 182 byte notify services used to transmit sampled sensthradata to
external software interface when their output buffers are fbk. devicds configured to support
a max PDU of 251 bytes, a connection interval of 18.75ms, and a parameter update delay after
connection of 1000ms.

The high sampling rate of multiple SEMG channels leads to a significant amount of data
needing to be transmitted tioe external software interface over BLE. Increasing the quantity of
SEMG channels that can be simultaneously sampled by the platform therefore requires
optimization of its potenti al data throughput
configuration and GATT profilea delta zigzag compression scheme was employed to minimize
the amount of data needed to be transmitted a
This is a twestage process. First, each sensor sample is takendiffehence between it and the
previous sample to reduce the number of bits required to represent its value. Secaad, zig
encoding is employed to minimize the number of bytes required to represent the resulting delta
value. This is a form of variablerigth erroding capable of distinguishing between positive and
negative values which is used by 4183 Fooaachl i ned
sensing modality, the platformbés firmware rec

buffer once available, calculates the delta between each sample and the prior one, encodes it, stores
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it within its output buffer, and checks if the buffer has space left for another set of samples from

the sensor controller task. If enough space is avajl#tie process repeats. If enough space is not
avail able, the output buffer is passed to the
appropriate sensing modality characteristic as a notification to the external software interface. To
avoid potatial offset error due to missed sample deltas in the case of lost packets, the first sample

of each output buffer is stored as its full vaiuer more properly, taken as the delta from a zero

value.

3.4.1.C Wireless Interface and Data Processing Software

The NeuoRehab platform uses a collection of software to support the operation of its
system electronics and to process the data it collects. The first of these is the NeuroRehab Software
Interface, a tool which runs on an external device such as a phone prdagtmanages operation
of the platformds system el ectronics. The sof
created with Qt Designer. It utilizes Bleak, Pyside2, and pyqgtgraph libraries for BLE connectivity,
Qt5 interface management, and riade data plotting respectively. The interface is design such
that its user can scan for, connect to, and disconnect from any active NeuroRehab platform device,
configure the number of channels expected from each of its three sensing modalities, monitor
packetcount and loss, and observe incoming data with severatimealplots to assess device
performance and detect any unexpected behavior. At the time of connebgBomterface
Ssubscribes to the devicebds BLE mmaseparhtéedovadues on d
(Ccsv) file for each of the platformbés three s
and modality for the filesb6 names, and writes
characteristic to initiate sampling. sAdata is transmitted from the device, the incoming

notifications trigger callback functions in the interface which read the data, decode and reconstruct
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the sample from its encoded delta value, and stores the resulting sample ADC code in the
appropriate GV file.

A suite of MATLAB data processing scripts are available for further processing these
stored ADC code samples into usable signals and features. These include converting ADC codes
into physical units, filtering, amplitude estimation, power spectanatysis, and mean and median

spectral frequency calculation.

Sample Conversion& Data Filtering
Conversion of recorded ADC values to physical units requires multiplying the ADC value
by what each increment, or couaf,the lowestsignificant bit (LSB)in its value corresponds to.
For sEMG data, these samples are stored as signkid 2DC codes. The physical value of its
LSB can be calculated as:
[

c z Lor—wuaal/ 1

I n the deviceds typi c adndusesarfiitegnal d.5trefevpence t he
generator and sets each channel 6s gain to 24

, 1w
S C Twlw

p0 YO

CRLEW

Calculation of the measured voltage for each sample is therefore performed blymgltip
the stored code by 22.352/LSB. Thesigned i t ADC codes of the pl at
data are converted similarly, using the 15§p28SBv al ue associ ated with
+0.512V fullscale range. This voltage is then used to calculate the resistance of the strain sensor

via the resistive divider circuit:

Y zw
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Where'Y and w are the resistance of and voltage across the strain sensor,
respectivelyd i s the divider ds 3 &Ythe confijutatiog esistarcd e r e n
that sets the circuwmitbhd®s eopéreat Sn@P krvarfpe. thlei d
high range.

The platformds accel er onbé ARCrcoddsddr eachiokits st or e
three axes per sampl e. The sampleds physical
1mg/LSBvalue associated with its +2g operating range.

The platformbés strain and accelerometer mo
Further filtering and processing is required for its SEMG data however.b@hdpassand
bandstodunctions from MATLABO s Si gnal Processing Tool box ar
bandpass filteris configured with a 15SHZB00Hz bandwidth to isolate the measurement to only
the most active portion of the sEMG frequency spectwinile the bandstop filter can be
configured aound 60 + 2 Hz powerline interference and any of its harmonics when present in the
recorded data. The bandstop capability was unused for all system validation experiments as it risks

also eliminating portions of the SEMG signal itself.

Amplitude Estimation

Amplitude of the SEMG system refers to its voltage variation as a function ofigng
This is most often represented by its rectified envelope and is commonly calculated as its mean
absoute value (MAV) or root mean square (RM385. The pl atformds dat a
perform this wmevmeagunchbAToc ABésl ate the | ocal me
absolute value over a sliding window of 100ms overlapping epochs. This can be represented

mathematically for each epoch:
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Where' isthe mean over the epaah is the number of samples in the epoch, @nid the

voltage of the sSEMG sample.

Frequency Analysis

Further analysis of the sEMG signal is possible in the frequency ddi@@i The
pl atformbs data processi ng spectral gensigglotatb extaer f or t
any of t heir rel evant features. This 1is accc
Tool boxdés FFT functionalities and recommended
[187]. The resulting power spectrums are available in both absolute and relative formats, with the
| atter scaled between O and 1 based on the re
value. Additional functionality is provided to caleteéd the median and mean frequency of the

power spectral density over 300ms epochs.

3.4.1.D Benchmarking Systems

Al ongside the integration and devel opment
alternative systems were produced for the purpose of validatimgptieelying functionality of the
system electronics, exploring possible wearable ffactors, and generating gestandard data
using commercial sensing products to use as a performance benchmark with future AQNW sensor
comparisons.

The firstofthesesyse ms ai med to validate the systemb
el ectrodes of comparable size to the AgNW el e
2560 electrodes were cut down to 4mm x 4mm squares and attached-tutdseesiology tape

strips which left the metal contact exposed with an IED of 10mm. Two strips of four single
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differential electrode channels were fabricated in this method. These electrode strips were then
adhered over the biceps of a stainbgnserovastsinilatlye f t a
attached to a kinesiology tape substrate and
electronics were attached to the kinesiology tape strips with Velcro or otherwise adhered with
additional tape where needed. The sERMGdule interfaced with the 3M electrodes through an
FFCto-snap connect adapter module circuit.

The second systeffrigure 3.9 aimed to assess thenormance othe system withdry
electrodes and explore options for a completely reusable wearable arfioipaufigictor. Low-cost,
4mm diameter brass rivetsiZ024031001Honigo) were used as dry electrodes for the system.
These rivets were integrated iraoljustable textile armbandH$05Q GenetGo)such that four
singledifferential channels were located over the biceps and four gilifigeential channels were
located over the triceps of a subject with an IED of 10mm. Insulated conductive thread (SewlY)
was then sewn between electrodes and their respective inputs in a-stittghpattern to form
interconnects. One end of these interconnects
prong on the outwarthcing side of the armband, and thther end was soldered to the
corresponding pad of the adapter modlldn e pl| at f or mbs AgNW strain s
armband with Velcro and r out(BOB7788Y&YyHIRuUifech)s ubj e c
worn on the forearnalso attached witlVelcro. The location of the strain sensor itself on its
kinesiology tape substrate was placed just before the elbow itself to mitigate physical shifting of
the sensor that gave rise to a baseline shift in prior experinldrgssystem electronics are then
attached to the outside of the armband with Velcro at sites which do not obstruct typical patient

movement.
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3.4.2 Platform Validation Procedures & Results

The NeuroRehab platform has undergéme major stages of system validation to assess
its performance anslitability for wearable stroke rehabilitation assessment. These include testing
isolated AQNW sEMG electrode patch performanceci&nnel multimuscle SEMG capabilities,

thecommerciabenchmarking system, and the textile armband benchmarking system.

3.4.2.A Isolated AQNW seEMG Electrode Patch

The platformds custom AgNW HDsSsEMG el ectrod:
electronics using a variety of wearable fefators to evaluate the underlying functionality of the
systembs el ect r otwarecassess thaelperfonmpnoeoof the IAgNUV elsctrdde patch
design, and explore wearable design options for more thorough integration efforts. All experiments
were performed by placing the AgNW el ectrode
recordingstMG act i vity during simultaneous <cThemcti va
skin of the electrode site was treated by rubbing with isopropyl alcohol soaked Kimwipes
(Kimberly-Clark, U.S.A.).A 3M Red Dot 2560 getlectrode was attached to thejsubct 6 s el bo
and used as a reference for the system electr@ubgect coactivations were performe& 8mes
per recording session. Each coactivation was held-id Seconds followed by-50 seconds of
rest. The wearable forfiactors tested were anjadtable armband which the electrode patch from
heatpressed onto, a knitted compression sleeve, an adjustable arm strap, and a strip of kinesiology

tape.Results from each of the forfactors tested are presented-igure 3.10

3.4.2.B 16-Channel Multi-Muscle sEMG Capabilities
The sEMG modul eds second v ar isiagetiffeiergial de si gt
sEMGchannelsTo verify this capability andetermine if it could enable sirttaneous monitoring

of several muscle groups, the-@idannel SEMG module variant was combined with f&Gnap
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connector adapter modules to connect to 32 3M Red Dot 2560 adhesive gel electrodes arranged as
16 singledifferential channels and distributedeov s ev er al muscle groups
The muscle groups targeted wereflegor carpi radialigCh. 12), biceps (Ch. 34, 9-11),triceps

(Ch. 58), lateraldeltoid (Ch. 2-14), andanterior Deltoid (1516). An additional electrode was

attachd t o the subjectds el bowThe skinateachvetectrade sitt he s
was treated with isopropyl alcohdlhe subject then performed four sets of experiments using 15Ib
dumbbells, each as its own recording session, while all 16 elsamere monitored. These
exercises included biceps curls to target the biceps (primary) and flexor carpi radialis (secondary),
overhead triceps extensions to target the triceps (primary) and anterior deltoid (secondary),
shoulder press to target the amermnd lateral deltoids, and lateral raises to target the lateral

del t oi d. Results captured from each muscle gr

are presented iRigure 3.11

3.4.2.C Commercial Benchmarking System

The first of the NeuroRehab pl atemonstratés t wo
the first combi ned uferentsensingimbdalities dsavellfaptoviddéas t hr e
gold-standard point of comparison for its SEMG sensing capabibtfesmploying commercial
gelelectrodes cut down to an equivalent size and arranged in an equivalent layout as the AQNW
HDsEMG electrode gah. The benchnrtiing system was attachedtsau bj ect 6 s | eft b
an additional 3M Red Dot 2460 gel electrode attach to the left elbow after treating the skin of both
regions with isopropyalcohol. The subject thesatat a Model E Indoor Rower $portexercise
machine Concept 2, InG.U.S.A) which was used to perform a series of biceps curls with. The
subj ect held the machinebés handle in front of

elbows braced against their knees. Thgesttlihen curled their arms with the machine providing
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resistance until the handle was brought up to their chin then release to extend their arms and return
the handle to its initial positioTwo protocols were recorded under these conditions. The first had

the sibject perform 3 curland hold theanitial and final positions of each for 10 seconds. The

second had the subject repeatedly perform curls at a comfortable pace for 100 seconds. Each
protocol was performed as its own recording session and all three poflthat f or més ser

modalities were recorded through each. The results of both protocols are presEigectiB.12

3.4.2.D Textile Armband Benchmarking System

The second of t he Neur oRehab platformbés t
integrate all sensing components into a singdanable fornfactor, improve the convenience and
reusability of that fornfactor, establish a goldtandard point of comparison to system
performance with dry electrodes by employing commercigilable brass rivet electrodes of
the equivalent size amgiranged in an equivalent layout as the AgNW ageamsagonist pair
electrode patch, and acquire experimental data that better demonstrates the suitability of the
platform for supporting stroke rehabilitation assessment. The benchmarking system was attach
to a subject d6s | edifferentamlrcmannslsiveete plackdaover tie trisepsnagd 4e
singledifferential channels were placed over the biceps. An additional 3M Red Dot 2460 gel
el ectrode was placed on ttheeméssu brjeefcetréoesn cwer.i sTth e
electrode site was treated with isopropyl alcohol betioee application.Two experiments were
then conducted using a 15lb dumbbell.

The fir st gabkasdodetenreimetf he system cogidchultaneously monito
basic neuromuscular coordination of the two musales its resulting motor executiaiuring
biceps curlandoverhead triceps extensi® exercisesl o accomplish this, the subject was asked

to perform 3 biceps curls in one recording session and ovetheags extensions in another
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recording session. Each movement was held in its initial and final position for 10 seconds as all

three of the platformdéds sensing modalities w

presented ifrigure 3.13
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Figure310TResul ts from the pl atf or sEM6 arraggédnt thsteg overla eacie
wearable forrdfactors. All tested were performed by measuring 8 channels of SEMG data from the biceg
biceps/triceps coactivation. Differences in sigimahoise ratio between different forfactors and di#rent channe
within the same forrfiactor are primarily driven by the relative magnitude of 60 Hz powerline interference, ¢
contaminant associated with poor or unequal electst@einterface contact of channel electrodes.
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The second experimentdés goal was to deter mi
progression of musculéatiguethrough changes in both neuromuscular coordination and resulting
motor execution. To accomplish this, the subject was asked to repeatedly perform biceps curls at
a comfortable pace until they could no longer perform the motion and failethged® their final

attemptbefore bringing the weight to the final position of the motion. This protocol was performed

4-'&\.'\

Biceps Curl

Shoulder Press

Lateral Raise

10 20 30 40 50 : 10 20 30 40 S0 : 10 20 30 40 50
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Figure 3.117T Mul t i pl e muscl es mo n ichaonelevarianb @ommeraial gpl lelectrades r
applied to the subjectbds flexor carpi radial i sAD)
who then performed four exercises with 15lb dumbbells. The most representative channel associated with e
is shown for each exercise.



in a single session while all three of the pl
frequency of each sEMG channelssien calulatedin overlapping 300ms epochiBhe results

from this procesare presented iRigure 3.14

3.4.3 Experimental Outcomes & Discussion

A number of points about the NeuroRehab platform can be drawn from the results of its
various validation expéenents.

First, the isolated testing of its custom AgNW HDSEMG electrode patches resulted in the
successful detection of SsSEMG signals across
different types ofwearable forrfactors. This demonstrated thath e syst em el ect r o
and underlying sEMG instrumentation was both functional and capable of supporting the operation
of specialized and rigorously designed custom electrode architectures. The platform was also able
to provide these capabilitiewirelessly, wihout compromisingits small and lighiveight
electronics design, and while being amendable t@riety of different warable formfactor
approaches.

Second, the E8hannel multimuscle experimenesulted in the simultaneous acquisition
of SEMG signals from five different muscles of interest during the execution of four different
exercise protocols. The sEMG signal 6s magnitu
between each monitored muscle and the exercises which targetquithary and secondary use.

This demonstrates the platformbés ability to di
under different conditions simultaneousl y. Fu
ability to monitor up to 16 sgle-differential electrodes with its SEMG module, its ability to

interface with both custom and commercial electrode options, and its ability to sdigpdrtited

multi-muscle monitoring regimes in addition to high density simglescle arrangements.
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Third, the commercial benchmarking system experiments produced two data sets
combining simultaneous monitoring of all thre
gualitative relationship betweeneachmodalith i s demonst r atligywcapthre pl at -
data regarding both neuromuscular coordination and its resulting motor execution from a subject
performing dynamic exercise movements. The first Hoteés data set illustrates the qualitative

patterns shared between the three differensi;ig modalities most clearly and performing its
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Figure 3.127 Combined sEMG, strain, and motion sensindwiite commercial benchmarking system. Comme
gel electrodes trimmed to 4mm4 mm squares were applied over the
was applied over the subjectédés el bow. T hosved by 6D$ ¢

continuous biceps curls (right) using a rowing machine. Data from all three sensing modalities was
simultaneously.
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nt al procedur e

hel ped to
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t hat

form-factor did not significantly obstruct typical subject movement. The second continuous

curling data set illustites these two factors as well, but alsmonstrates the reliable behavior of

all three sensing modalities over an extended duration of continuous movement. In the second data

set,

only t

he

pl atfor mds

use, a problem resolved in the subsequent stage of validation.
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Fourth, the textile armband benchmarking system experiments produced three data sets,

two of which performing simultaneous monitoring of all three sensing modalitie®ss the
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Figure 3.13 7 Joint neuromuscular coordination and motor executiamitaring with the textile armbal
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agonistantagonist muscle pair of the biceps and triceps during controlled exercises which targeted
one muscle or the other, afektthird performing the same sensing during the repetition of a biceps
curling exercise until the point of exerciadure. The first two data sets showed clear a qualitative

relationship between the platformbés three seil

sensor baseline shift, and selective SEMG activity over muscles meant to be targeted by each

exerce e protocol These r e sabiltyts pedoensEMGsseénsiregofe t h e

similar quality to the prior commercial benchmarking system using dry electrodes instead of gel

Biceps Triceps
1
0.5
0 \a0da o
0.5
-1
1
0.5
S = e
" -0.5
3 £
: g !
s 8 05
) o 0
>. > .05
S =
D 1
2 0.5
s
% A
o ‘0-15§
50 100 50 150 50 100 150 50 100 150
Time (s) Time (s) Time (s) Time (s)
Biceps Triceps
90+ T P T 1 901 T T i T T ol
|
60, u, \ 60 it ol W [(TANd \J( n/ f z N N
{ \.\ ”nlf |‘ I\t “‘“\l W AT i e
307 "J!‘ | “‘ 1 } ! L (f mm V“ ‘M‘.‘; W r»l V' 30+ 4 “ q} Ve r MI\ ' WI (i hl‘ “‘ I“"“'\l‘ 1
0 1 1 1 0‘ 1 1
90 T T T 90
ik § ) ]  —— I a ]
?GOM il ‘\l”l\\ 0 ‘ | ot | ’,760 i IR LT h‘r n‘lwf l l'.\\ i
£ 30r ‘ i ", | Wiyl by O 30 !
- 0 \ \ . 15 ol , : \
290 . . , £ 90, . , .
3 60 “260“‘ P (. ) | ) | . 1
g AN AT / U T A o gLy ¥
= 30- 4= 30F i v
0 1 s § 1 O[ 1 1 1
90 : . ‘ 90, ‘
60 - i i i \H 60F
304" Kl = i i1 30F
0 \ \ . ol \ ‘ :
40 60 80 100 120 140 160 40 60 80 100 120 140 160
Time (s) Time (s)

Figure 3.1471 Fatigue detection with the textile armband benchmarking system. The subject continuously p
biceps curls at a comfortable pace untilytffigled to complete the movement. Transient SEMG, strain, and r
throughout the exercise are presented (top) along with the median frequency of each SEMG channel
(bottom). A decline in the median frequency of channels located over the b&repe seen as the exercise conti
and the speed of elbow strain change slowed.
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electrodes, and its ability to discern distinct activity patterns legtaa agonisantagonist muscle

pair. In addition to these factors over many more repetitions of the same biceps curling exercise,

the third experiment also showed agressive decrease inthe bicgps soci at ed sEMG ¢
median frequency from the #B0 Hz range to 30 Hz range. This decreasing pattern is
consistent withndicators of muscle fatigue described in literaf&8] and demonstrates that the

platform is capable of providing muscle fatigueedtion through its acquisition during dynamic

exercise protocols. Furthermore, the results of all three data sets collected with the textile armband
benchmarking system demonstrate t-facortsbeusedabi | i t
without significantly obstructing typical subject movement.

Taken together, these results indicate that the platform is capable of monitoring basic
neuromuscular coordination, monitoring either multiple muscles at once or single muscles with
greater spatial dengit monitoring both neuromuscular coordination and motor execution
simultaneously, assessing both time and frequency domain features of the SEMG signal, being
easily applied and reused, and being used in protocols requiring dynamic body movement without
obgructing its user. All of these attributes lend themselves to stroke rehabilitation assessment
applications. The platformbs suitability to a:
has already been shown through its validation procedure, dtslsstability to assess muscle
fatigue indicators. This underlying functionality supports its potential use in other areas too, such
as spasticity assessment through stredflex evaluations which could be enhanced by the
platform by quantifying the rgular velocity of elbow bending that triggers sEMG activity in
patientg189] or in the detection of undesired trunk compensation during rehabilitation exercises
through multisite £MG and motion detectioj24]. The platform could be applicable to both-pre

and postintervention assessment to asamsinitial diagnosis and goal setting obsewvation of

99



treatment outcomes, and due to its lglgight, reusable, and easily applied nature, it could find

further application as a tool for home and community based rehabilitation and remote monitoring.

3.4.4 Conclusions & Future Work

This work introduced aneuromuscular coordination and motor execution monitoring
platform designed for wearable stroke rehabilitation assessment. The platform possess combined
SEMG, strain, and -8xis acceleration sensing capabilities using a small, -fighght, and
wirelessemabled electronics system. Support for both novel AQNW and commercial sensor
options are provided by the platform, which integrates both into a reusable armbasfddimm
that can be easily applied to subjects without posing any significant obstructioeiraiypical
movement patterns. The platform is specifically designed for monitoring cliniedélyant stroke
rehabilitation parameters and stands apart from related devices reported in literature due to its
wearable and reusable fotfisctor, comprehesive neuromuscular coordination and motor
execution monitoring approach, and strict adherence to SEMG sensing parameter gultelines.
serves as a next step in bringing the combination of wearable technology and neural rehabilitation
closer to clinical redvance and adoption.

Validation of the platform on a human subject demonstrated its capabilities to monitor
basic neuromuscular coordination, monitor both distributed multiple muscles and single muscle
arrangements, monitor neuromuscular coordination anotbmexecution simultaneously, and
assess both time and frequency domain sEMG features. It presented reliable performance across
all sensing modalities over repeated exercise protocols while being integrated into an easily applied
and reused wearable foffactor that did not obstruct typical subject movement patterns. This
preliminary validation highlights the potent|

assessment, demonstrating its suitability for comprehensive neuromuscular coordination and
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motor execution assessment and muscle fatigue indicator assessment. Furthermore, the underlying
capabilities demonstrated by the platform suggests it has potential for spasticity and trunk
compensation assessments as well, and encourage further investigaii nt o t he devi ce
for other applications related to pr@nd posiintervention assessment and home and community

based rehabilitation practice through remote monitoring.

Future research efforts will focus on improving and integrating thefola r més novel A
electrode patch designs and validation of their performance through similar experimental
procedures. Additional work will be performed to increase the number of SEMG channels the
pl atformbs el ectroni cs ctaoffer athemmgroved spatial dendity s a m
or distribution to additional muscles of interest. Investigation into scalable manufacturing options
for the platform will al so b-effecivenedsdocdirgcidnst o i m,
Finally, theplatform will be used in studies with pesttoke patients to determine its ability to

assess rehabidition parameters under conventional clinical procedures.

101



CHAPTER 4: MULTI -MODAL B IOCHEMICAL & OPTICAL SENSING FOR

CORRELATED BIOMARKER MONITORING

4.1 SupplementalHealth Monitoring for Wearable Rehabilitation

The current landscape of wearable health monitoring technology offers a vast range of
sensing capabilities. These options extend well beyond those with immediate conventional
assessment analogs, such as is the wakeneuromuscular coordination and motor execution
monitoring for conventional stroke rehabilitation assessment or residual limb socket interface
pressure distribution monitoring for conventional prosthesis manufacturing and asselgsmgnt.
such as hearate or temperature monitoring, offer comparatively isolated insights into various
aspects of patient health status, but when combined alongside each other in a single system, could
be used to provide a comprehensive assessment of overall patientstegakh Certain sensing
modalities can even offer information regarding the psychological status of rehabilitation patients
[190]. The inclusion of supplemental genephlysiological sensing capabilities may alsveal
correlated dynamics between them andatfmarysensing modlities ofrehabilitation monitoring
platforms. Potenti al examples of this include obse
neuromuscular and hemodynamic systems through primargsii supplemental neanfrared
spectroscopy (NIRS) sensifitP1], dual monitoring of neuromuscular and biochemical indicators
of fatigue viaprimary sEMG and supplemental electrochemical lactate sefis#38, [192] or
combined pressure distribution, infection risk, and wound monitoring within the residual limb
socket interface of prostheses through primary pressure sensing atehgipl pH and skin

temperature sensir[g¢2], [43]. In these and many other cases, general physiological monitoring
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wearables may have a role to play in supporting primary refaiuiht assessment platforms,
particularly those with neimvasive biochemical and optical sensing capabilities.

Many of the supplemental health monitoring capabilities mentioned above have already
demonstrated their effectiveness in isolatidhis includes their potential for remote monitoring
[193], [194], [195] pessonalized carg23], and improved treatment efficacy in general health
monitoring and related field496]. However, many of the conventional systems employed use
invasive methodglL97], [198] are limited to a single or a small range of sensing modd&s
or target biomarkers with limited relevance to rehabilitation and treatment evaluation applications.
While these technologies may be able to enhance existing and emerging rehabilitation efforts,
doing so vill require these barriers to be overcome. Providing supplemental health monitoring for
wearable rehabilitation will therefore require devices which offer a wide enough range of multi
modal sensing capabilities to find relevance in a number of monitgplgations, employ non
invasive methods to accomplish this sensing, and be integrated into convenient, wearable form
factors that to not obstruct the use of other devices or conventional rehabilitation procedures.

Two platforms with potential relevancerteural rehabilitation as supplemental monitoring
devices and amendable wearable fdattors were investigated to demonstrate the capabilities
such devices offer. The first of these is a mnitidal electrochemical and optical sensing platform
which suppds sweatbased lactate and pH sensing alongside optical local tissue oxygenation and
heart rate, skin temperature, and motion sensing in adigight, wireless wristband forfactor.

The second is an ultlaw power electrochemical sensing system wilaanlploys extended gate
field-effect transistors (EGFET) to achieve swikased detection of neuropeptide Y (NPY), a

biomarker for stresfl99]. The design, experiments, and perforneaaatcomes of these systems
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are presented below and are followed by a discussion of potential rehabilitation applications for

these devices and those similar to them.

4.2 Multi -modal Electrochemical and Biophotonic Wearable Platform
The following studywasdan i n col |l aboration with Dr. Mi

Lab which provided the platformdéds custom | act

4.2.1 Introduction

Recent advancements in wearable technologies have facilitated the development of
reliable, usefriendly systems for continuous monitoring of clinically relevant physiological
parameters. These systemgl enable healthcare professionals to remotely monitor patients,
personalize care, enhance treatment efficacy, and improve overall health andsvissildetecting
deviations from expected or baseline states, both in the short and lonf28ri200], [201],
[202], [203], [204]A variety of commercial wearables with wireless connectiaityavailable for
monitoring both medical patients and consumdrsalth and lifestyle, enabling continuous
monitoring in typicaldaily environments without the need for tethering or interferdt6&],
[204]. However, with the exception of theontinuous glucose monitofd97], [198] these
commercial wearables are often limited to motion, temperahiophotonic, andiopotential
sensingandaremosty targeted towardthe assessment physical exerciser cardiac function
monitoring such as Fitbit and Apple Watch

On the contrary fte scientific literature tsareportedignificant advancements in wearable
biosensos since the seminal work by Gacakt[205], yet to be translated into clinical practice or
consumer useayith numerous designs proposed for continuous monitoring of various biomarkers,
including glucose, lactate, and cortig@06], [207], [208], [209], [210], [211], [212T hese

wearablessometimesleverageminimally invasive technologiesuch as transdermalrobes,
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microneedle$213], [214] or subdermal implant®15], [216]to provide reatime insights into an
individuald biochemical statusyet, many or-invasive wearablsensor options exploit the easy
access to sweat, tears, or sal2a7], andoffer the potential for similar benefits in continuous
physiological monitoring without the need to breach the skin baFRiegrexample, &crine sweat,
secreted through the pores of the skin, is an easily accessible fluid that contains numerous
physiologicaly relevant analytes, making it an attractive target foringasive monitoring218],

[219], [220] It has been shown that synchronizsdessment abmbinedsensing modalitiesiay

offer a more com@hensivepicture ofo o t h t healthstasusamdshé accuracy of the sensors
during usg217], [218], [219], [220], [221]

Thus, a multimodal wearable system that integrates bmphotonicand biochemical
sensing could provide deeper insights into correlated physiological dynamics, such as the
relationship between sweat biomarkers and cardiovascular activity during physical exertion. One
exemplary relationship is that betweeasthte and oxygen def@22], [223], [224]Undernormal
aerobic conditions, glucose is converted to pyruvate, which is then used to generate adenosine
triphosphate (ATP) via oxidative phosphorylation. However, when oxygen is limited, anaerobic
glycolysis is activated, reducing pyruvate to lactate toemegate nicotinamide adenine
dinucleotide (NAD+) and sustain ATP producti@25]. Lactate thus serves as a key link between
aerobic and anaerobic metabolic pathways and is commonly observed to accumulate during
muscle fatigue, low oxygen availability, injurgndillness[226], [227], [228], [229] Monitoring
the onset or progressions of anaerobic metabolism has been a popular demonstratorita weara
systems; moreover, it has shed new light on fundamental physiological mechanism at play in the
transport of oxygen and lactate through different compartmegtblood, tissue, and swea06],

[226], [230], [231], [232], [233Monitoring of systemic lactate levels leaalso been identified as
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a potential biomarker in chronic disease, such as heart fglRdgand metabolic syndronj235],
[236], [237]

Noninvasive lactate measurement can be achieved through sweat mofiz88hgvhile
local tissue oxygenation can be assessed usingnfeaed spectroscopy (NIR$39], [240] A
recent system was reported that integrates all photonic lactate sensing and tissue oxygenation
monitoring[241]. However, platforms combining an electrochemical sensing interface could offer
expanded sensing capabilities. While miniaturized lactate andnfesed spectroscopy (NIRS)
wearable dewes have been demonstrated, they have typically been developed separately, without

integration, and lack wirelesdata acquisition electronid242], [243], [244], [245] The
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Figure 4.11 (A) Lactate generated from anaerobic metabolism of glycogen and glucose in tissue is shuttle
tissue,blood, and sweat compartments as both an energy source and signaling molecules, of which the pi
be monitored by measures of sweat lactate and tissue oxygenation. (B) A modular wearable electrochemic
(MWEP) for multimodal physiologicamonitoring was developed. (C) Photograph of the MWEP worn on the fc
and (inset) underside of the MWEP showing the biophotonic sensors facing the skin. Multimodal monitoring
physiological dynamics during physical activity were demonstratetijding (D) electrochemical lactate and
sensing and (E) optical local optical tissue oxygenation.
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combination of these functionalities within egle wearable sensing platform could enhance
research and clinical monitoring of related physiological dynamics by offering greaterfesse
and user convenience at a potentially lower cost and smaller form factor than existing
commercially availableraresearckgrade systems.

In this work, we presentunique andnodular wearable electrochemical platform (MWEP)
designed to enable retine, multtmodal sensing for sweat analysis applicati@msl allow for
rapid system modification and reconfigurabili8upport for nosinvasive lactate, pH, local tissue
oxygenation, heart rate, skin temperature, and motion sensing are provided through a set of
modules which combine to form a single wearable device. These modules can be individually
duty-cycled to reduc@ower consumption and removed to decrease spatial footprint and power
consumption by sacrificing functionalitfhe MWEPSs lactate and pH sensing capabilities were
characterizedn vitro. This wasfollowed by aproofof-concept demonstratioof the MWEPs
ability to concurrently recordhe physiological dynamics between sweat lactate and local tissue

oxygenation in a higintensity exercise study involving ssubjects.
4.2.2 System Design & Implementation

4.2.2.A System Electronics

The MWEP is a lonpower system capabti electrochemical, biophotonic, and motion
activity monitoring in a convenient, wrigtorn form factor. Its modular design allows users to add
or remove functionalities to meet the specific requirements of their application. These include: (1)
the main nodule, which comes equipped with amperometric, potentiometric, and motion

monitoring capabilities and manages general system control, data processing, and wireless
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transmission; (2) the | actate & pH sdamcalr, whi

sensing instruments via apin flat flexible cable (FFC) connector; and (3) the biophotonics
module, itself divided into a biophotonic sensor, capable of performing NIRS and
photoplethysmography (PPG) monitoring, and an expansion module, whithinsoboth a
temperature sensor and the connectors required for interfacing between the biophotonic sensor and
main module electronics. The MWEP is paired with a 150mAh battery and secured with a 3D

printed enclosure. The combination of main module, batteusing, and desired combination of
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Figure 4.27 (A) Block diagram of the MWEP's Main Module and Optical Module. Pictures and relevant sen
labels of (B) main module tegide, (C) optical expansion module, and (D) optical module biophotonic sensol
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sensing modules are integrated onto an adjustablestrégt to achieve a flexible, wearable form
factor. The system provides an approximate battery life of over 72 h when the biophotonics module

is deactivated, anover 5 h of continuous operation without any duty cycling.

Main Module

The MWEPOGs main module is a miniature el ec
system control, data management and transmission, amperometric and potentiometric sampling of
comected electrochemical sensors, motion tracking, and power management. It comes equipped
with a systerron-chip / Bluetooth Low Energy controller (SoC/BLE, BLE113, Silicone Labs) for
digital control (12C) of orboard sensor frorgnds and external modulesnmected via an-gin
expansion header. Twway BLE communication with an external data aggregator device is
enabled by the BLE113, which manages both incoming configuration commands and outgoing
sensor data. A 2Mb flash memory chip (M24M02, STMicroel&its) is present to provide
additional storage capacity while aagis inertial measurement unit (IMU, KXTJ3, Kionix) is
included to measure-&is motion data. Electrochemical sensing functionality consists of an
amperometric analog front end circuit (AFEMP91000, Texas Instruments (TI)) for
potentiostatic measurements, containing biasing circuitry and a transimpedance amplifier to apply
a bias voltage and measure current flow through each electrochemical cell, and an integrated pH
buffer (LMP91200, TIfor potentiometric measurements, which provides a common mode voltage
for the reference electrode (RE) and a-lmas buffer input for the ioselective electrode (ISE).
The common mode voltages of the amperometric AFE and pH buffer circuits are setdbtb®%
reference generated by a 2.5 voltage reference generator (LM4040, TI). The electrochemical
sensor itself can be connected to the module viapa 3-FC connector (FH12S1SH(55),

Molex). Outputs from the amperometric AFE and pH buffer are corhéata 4channel, 16bit
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analogto-digital converter (ADC, ADS1115, TI) for digitization and are subsequently read by the
modul ebs BLE113, which compiles current, v ol
aggregator via BLE protocol. The system is pogd by a 150mAh 3.7V lithium polymer battery

which is regulated by a linear dropout regulator (LDO). This can be enabled and disabled via a
magnetic switch (RR122, Coto Inc.) such that the device is powered on unless near a magnetic
field greater than 7 to ensure that the system is reliably powered on during use but can be
easily disabled or reset with a small magnet without need for physical access to a button or switch.
The modul eds chronoamperometry and opdets cir ct

cycled with 60s of ottime and 120s of sleefime to improve power efficiency.

Optical Module

The MWEPOG6s optical modul e was designed to
adds continuous wave (CW) NIRS and temperature sensing functionaliiesothposed of a
biophotonic sensor for performing NIRS and PPG measurements and an expansion module
offering temperature sensing and the required connectors to interface between the biophotonic
sensor and main modul e. T h eensiagkip acmevdad ehrougima d u | e
voltage divider circuit intended to operate w
(NTC) thermistor (B3950, Adafruit), the output of which is connected directly to an analog input
pin of the mai readwithcho dibeaddsl2bisADC. Main miodule to expansion
module and expansion module to biophotonic sensor connections are enabled wmnan 8
expansion header and arpi® FFC (FH128S 1SH(55), Molex) connector, respectively. The
biophotonic sensorself is a custom flexible device containing a photodiode with 3 integrated
light emitting diode (LED) drivers (SI11143, Tl) and two near infrared LEDs (770nm and 860nm).

The sourcedetector spacing of the sensor is 1.5 cm. Integrated detector and enmttel ftom
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the S11143 allows for short (25.6us) LED pulse times due to the precise synchronization available

in an integrated package. The modular design of the MWEP allows for easy replacement of the
biophotonic sensor with different characteristics, sagHdifferent wavelengths of sourdetector

distances. In a single read cycle, the first wavelength is pulsed and read, followed by the second
wavelength, followed by an ambient light measurement. This is sampled at 100 Hz. Data is then
read bythe manmmdul eés SoC device via |1 2C. To improv
sweat into the electronics in the armband form factor, a custom 3D printed mold was designed
such that the biophotonic sensor can be encapsulated in silicone (OOMOO 25, -Smpoth

Medical grade clear epoxy @BILCL, Loctite) was then poured into the optical windows to ensure

that a clear biophotonic signal could still be obtained.

4.2.2.B Lactate & pH Sensor

A custom flexible lactate and pH sensor was designed falmdcated To increase
throughput, the sensetectrodesvere designed using an opssurceprinted circuit boardRCB)
software(KiCad, Lausanne, Switzerlandnd ordered as flexible PCBALLPCB, Hangzhou,
China) Each sensor consists of five electrodespolyimide substratethree for lactate, working
(WE), counter (CE), reference (REF) and two for pH, working (pHWE) and reference (pHREF).
The WE was functionalized-igure 4.%) for lactateby screen printing a layer of Prussian Blue
(PB) doped carbon paste, drop casting a solutiornthted enzyme lactatexidase (LOx)with
graphene, and then drop casting a solution of Nafion. The PB facilitates electron transfer between
the enzyme reaction and the sensor, while the graphene increases the electrochemically active
surface area to increase sensitivity. Téosnbination or ones similar have been well reported in
the literaturd201], [246], [247], [248]The pHNVE was functionalized for pHy screen printing a

layer of carbon paste followed by electrodepositiorthef pH sensitive polymer pobniline

111



(Figure 4.%) through cyclic voltammetry. Polyaniline as a pH sensor is-stgdported in literature
due to ease of application and stapiilong with being able to sense acidic and basic shifts in

sweat[200], [248], [249], [250]
4.2.2.C Data Processing

Electrochemical DataProcessing

The MWEPOGs amper omet r icontaasasbiasing ciréuit to applyae nd ¢
known potential difference across the attached electrochemical cell and a transimpedance amplifier
which measures the current across this cell by generating an output voltage proportional to it. This
outputvoltages s amp |l ed by -board ADOVWEHeDread digitally by its SoC/BLE
controller. A functional block diagram of this arrangarhis demonstrated Figure 4.3 Further
information regarding fundamental potentiostat circuit operation employed by the system is
available in literatur§251].

Current flow through the electrochemical cell measured by the-é&mohtcircuit can &
calculated using the sampled output voltage. Takin@s the current through the electrochemical
cell, Rria as the resistance used in the transimpedance amplifier circuifraras the frone n d 6 s
zerolevel reference voltage, the generated owpltage,Vou, Can be expressed as:

W W ‘0 oY
Rearranging this equation allows to be solved for as follows:

W w

© Y

Both Vrer andRria are digitally configurablevithin the LMP91000 overrC. To allow for
positive and negative current detectidaer is set statically at 1.25V, with the cell bias voltage,

Veias being set at0.1V with respectto thiRrani s adj ust abl e from 2. 75kaq
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by a given ensing application, with the selected value determining the-&amtd 6 s cur r e
sensitivity and operating range. All high intensity exercise trials of the present study were
performed wittRras et t o 350kq.

Additional calibration of the frorénd was cnducted to account for any potential error in
the expecte®Rna value. This was performed by applying a known input current acro¥gHEaad
shortedCE/REpi ns of the MWEPO6S sensor interface wus
Keysight Technologies Inc.JThe input current was incremented fréBpA to 5pA in 250nA steps
while recordingthefrore nd6s out put voltage. Converted cur
output voltage at each step using the method and parameters outlined above. A secondary
conversion equation was derived by fitting a perfect linear trendline (R2 = 1) to the output voltage
versus input current relationship within the frenh d 6 s oper at i20\g), andaisge ( O.
defined as:

®w PR UL ¢ UL wWYJDC

Measurecturrent values were then recalculated using this equation, and the resulting data
set was taken as a calibrated conversion to compare with the converted current previously
calculated using ideal parameters. This comparison is presentemjure 4.4igure 4.4 i

Calibration results of -énd@he MAER@E was dpeliedtacrasss h e mi

T ——
LMP91000 BLE113
. SoC/BLE

I’c
ADS1115
ADC

Vin

Figure 437 Functi onal bl ock diagram of the MWERggmentalh
LMP91000 measures current flow through the electrochemical cell and generates a proportional output vo
voltage is converted to a digital code by the ADS1115 ADC and read by the BLE113 central SoC/BLE con
digital communiction bus enables LMP91000 configuration by the BLE113
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the WE and shorted RE/CE pins using ar8elMeasure Unit while recording the fremtn d 6 s

output voltage. This voltage (Blue) was then converted into a current value using ideal system
parameters (Red) and parameters from a fitted trendline of the output voltage compared to the
input current (Gren). The parameters of this latter method have been used to calculate the currents
presented throughout the studyhich shows the ideal parameter current conversion exhibiting
reduced accuracy compared to the calibrated data set. As all other parameters are shared between
the two equations, this reduced accuracy may be explainachbnideal Rria resistance within

the LMP91000. The calibration equation suggest
than the expected 350kq, and so alll sSsubsequce

performed using this experimertatietermined value instead.

NIRS Data Processing
The relative concentration of blood chromophores in tissue can be related to the attenuation
of emitted light through the modified Beer Lambert Law (mb[240], [252], [253], [254]Taking
lout @s the detected lightiy as the incident light, an@Ds.as the optical density (or the observed
attenuation in intensity of light) for wavelenghthis can be expressed as follows:
O Omn
Both absorption As) and scatteringS) of light at wavelengthe- contribute to this

attenuation ODscan therefore be expressed as:

As Oxygenated (Hbg) and deoxygenated (Hb) hemoglobin are the major absorbers of
light within the neaiinfrared (NIRS) region, the total absorptiohlight at wavelengtte-can be

approximated as:
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Wherel) is.the extinction coefficient of blood chromopharfer wavelengthe: Ci is the
concentration of blood chromophore and L. is the pathlength of light through tissue for
wavelengthe: This path length is equal to the product of the setoaketector distanced] and a
differential pathlength factoDPF):

0 QX000

TheDPFsis a scaling factor whicmdicates how many times farther thadetected light
has traveled through tissue due to the scattering. Although this value can be calculated using known
scattering and absorption coefficients, a general equation relatingRRgwith age ) and
wavelemgth (g is also available in literatuf@52] and can be used as an approximation:

O0'®d cc TIL EE T V¥ COopTI_ TP T UTBOTTI (UL

Assuming scatter and the absorption from other chromophores as remaining constant, the
relative change i©Ds, taken ashe difference between its initiaDD». ) @nd later ©QD».) value,
can be related to the relative change in Hb andJtle@centrations as follows:

300 00O, 00 - 6 MNIOOIO- 6 NIO0OO

Using two wavelengths of light generates two of these equations, allowing the two

unknown concentrations to be solved for. Rearranging the equations to accomplish this yields the

following:

Y6 , - Rooo- R (0]

00 ™ Yi 'O
o) - h -k nm 00’

(0] 30 0O

This equation then allows for the relative concentrations of Hb and téblae estimated
usingthe corresponding extinction coefficients available in literaf@5&], [256] the calculate

DPF. for each wavelengtland ae O Bfor each wavelength. Furthermome,O Bcan be related
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directly to an established baseline of detected lighto and a given measurement of detected

light taken afterwarddduty) through the use of Equatio#) (@and Eqation ©):

50 00, 00O P (;O M P (;O R P (;"O i Op
3V 0] - g —:}_
On On O F

As the intensity of the incident light for eachwetength is not being varied over time, it
remains the same between both the baseline and sample states, cancelling the terms out, and
reducing the equation to only the detected light of the baseline and sample states for a given

wavelength. Assuming a kar relationship between the photons received at the detector and the

voltage observed by the systembdbs ADC, the eque

arbitrary unit output for each state:

.. Of .. 0060
3UO||C;O—H ll%’o&

As the MWEPGOG6s optical module comes/70argui ppec

anda»=860nm the extinction coefficients of relevant chromophores were taken fteratlire as
Uibo2, 7700650 cmYM, Uiboz,860nim1092 cmY M yp 77dek=1311.88 crit/M, andUip geonnm694.32

cn/M [255], [256] The DPk.was calculated usinthe approximation in literaturéor both
|
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Figure44i Cal i bration results of -erdelheNiME cudent waslagpliet acms
WE and shorted RE/CE pins using a B@/Measure Unit while recordingthefremtn d 6s out put v
(Blue) was then converted into a current value using ideal system parameters (Red) and parameters fr
trendline of the output voltage compared to the input currene(drdhe parameters of this latter method have
used to calculate the currents presented throughout the study
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wavelengths using the age of each subject, and the smudetector distance was taken as
d=1.5cmbased on the systembs design. Addi tional
coefficients and parameters taken from literature, the calculated change in chromophore
concentration is described in arbitrary units (A.U.) instead of uM.

All of these calculations were performed using a custom MATLAB script. Recorded data
was preprocessed by chedkithe transmitted packet counter to determine missing packets and
recalculating measurement time based on a 100 Hz sampling rate. The missing data was
interpolated to 100 Hz using 1D interpolation and low pass filtered at 0.5 Hz. Hemoglobin
concentrationsvere then calculated as described above, with total hemoglobin being calculated as

the sum of oxygenated and deoxygenated hemoglobin concentrations.

PPG DataProcessing

A 4" order type lIChebyshefilter (fc = [0.5, 3.0]) was used to filter the raw 860nm
wavelength signal. Peaks were then identified with a minimum 0.01 amplitude prominence and
minimum 250ms delay between peaks. The times between these peaks were taken as individual
heart rate samples which were then further processed using a moving itheamvimdow size of
35 samplesAll processing was performed using a custom MATLAB script which utilized the

same preprocessing stage described above.
4.2.3 Experimental Procedure
4.2.3.A SystemCharacterization and Validation

ElectrochemicalValidation
The pl dactatedpH sehsors were characterized using both a benchtop potentiostat
(Gamry 600+) and the MWEP. In both cases, the lactate sensors were placed into solutions of

increasing kHactate concentration in 0.1 M KCl in 1xPBS (0, 0.1, 0.25, 0.5, 1, 2, 4, 10an¥
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chronoamperometry measuremen& IV for 1 min) were conducted after the sensors were in
each solution for 1 min and 5 min. The pH sensors were similarly connected to either device and
placed into different pH buffer solutions (pH = 4, 6, 7, 8,d1) allowed to equilibrate for 1 min

before the OCP was measured for 2 mirach solution.

Biophotonic Validation
A cuff occlusion protocol was performed to evaluate the NIRS capabilities of the MWEP.
The MWEP was attached tnanuallbleod gressuje eudf was attadchedr e a r
over the bicep. After a rest period of 5 min, the cuff was inflated to 80 mmHg for a full occlusion.
After 2 min, the cuff pressure was released. After another 3 min of rest, the cuff was inflated to
280 mmHg for 1 nm, followed by a final 3 min rest period. Biophotonic NIRS data measured by
the MWEP was transmitted to an iPad and processed using a custom MATLAB script.
Validation of the MWEPG6s PPG capabilities
t he st hidtgndity cydlinggrotocol (see below). In this case, the MWEP was worn by a
single subject without the electrochemical sensors. A commercial PPG fingertip sensor and ECG
sensor (BioNomadix ECG/PPG by BioPac Systems, Inc., Goleta, CA) was then inclsdedet
as a gold standard of comparison for heart rate. The raw data from all devices were taken and

processed with the same heart rate detection procedure as the MWEP PPG data.

4.2.3.B High Intensity Exercise TestingProcedure

To evaluate sweat lactate, pH, ars$ue oxygenation change over the course of exercise,
a proofof-concept study was conducted in a high intensity exercise cycling protocol on a bicycle
ergometer (Life Fitness) under Aamral ambient indoor conditions (n=6). This preclinical human
study wa approved by the University of Carolina at Chapel Hill Institwidteview Board (IRB)

under preocol number 18 0 6 5 . The MWEP was attached to the
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configuration and connected via Bluetooth to the iPad data aggregatoe. thiattprotocol, the
subject spends 5 min at rest for CW NIRS Hase data collection, follwed by 5 min of warm

up (5660 Watts (W)) at 60 revolutions per minute (RPM))n&in at 200W and 75 RPM, 15 min

at 100150W and 75 RPM, andr@in at 200W and 7RPM. Exercise is then terminated and the
subject rets for 10 min. As a gold staadi of comparison, blood lactate was measured with a
handheld blood lactate meter (Lactate Plus REF 40828, Nova Medical) after the first 5 min rest,
after the 100W and 75 RPBtage, after the 16050W and 75 RPM stage, and after the final 10

min rest.
4.2.4 Results & Discussion

4.2.4.A System Characterization & Validation

Miniaturization, ergononas, human factors, and reliabil are further system level
challenges, necessitating the depenent of wireless, lowpower flexble/conformable, and low
cost systems capable of selass integration with electrochemical sensois sammple collection
mechanismg218], [219], [220], [257]In our design, we aimed to reduce the overall size and
weight of the MWEP to be wormahe forearm, but it may be suitable for other locations, as there
may be alue in simultaneous or comptiva monitoring of sweat sensors at different locations on
the body[258].

The packaged main module has dimensions 28.7 x 34.4 x h&2Zmd a weighof 10g.
Average power consurhpi on of t he MWEPO&s main modul e is
the BLE SoC, 0.57 mW consumed by power regulator efficiensy, 10.033 mW consumed by
the anperometric AFE, 0.17 mW consumed by the pH buff@30 mW consumed by the battery
gauge, and 0.50 mW consumed by the ADC. This gives approximately 130 h of battery life when

powered by the ofboard 150mAh b&try (Figure 4.&).
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The optical modul ebs expansion nondanda has
weight of 1g while its flexible biophotonic sensor has dimensions of 36.0 x 12.9 x 2.1 mm and a
weight of 1g. In its biophotonic configuration, tiNeWEP 6 s aver age power cons
higher due to the greater quantity of data being transmitted over Bluetooth. The average power
consumption of the MWEP in its biophotonic configuration wasn®8, with 2 mW consumed
by the BLE SoC, & mW consumedtby the optical front end, 4rhW consumed by power regular
guiescent current and efficiency loss, 088/ consumed by the reference voltage, 0.088
consumed by the amperometric AFE,0mdW consumed by the pH buffer, 008W consumed
by the battery gawgg 000007 mW consumed by the temperature sensor, ab@r@\W consumed
by the ADC. This giveapproximatelyl5 h of battery life when powered by the ¥68h battery
of the main moduleRigure 4.®).

These initial assessments lay the foundations of reconfigurable system parameter
adjustments for an optimized operation of the electronicshould be noted that further
miniaturization and power reduction gnde achievable in the future, as new commercial
integrated circuits are continually being introduced to the market. Additionally, designing
applicationspecific integrated circuits (ASICs) for this purpose is a viable option, although it

comes with tradeffs in terms of financial cost and development time.
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Electrochemical Validation
Preliminary validation of lactate and pH sensing with the MWEP was conducted in

solution Increasing current magnitude was observed with increasing lactate concentratien by t
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Figure 4.57 (A) Lactate sensor functionalization. The flexible PCB pads were coated edthan paste containi
Prussian blue as an electron mediator. A LOx solution was applied, allowed to dry, and sealed with a
membrane. (B) pH sensor functionalization*: The pH sensor features a carbon paste coating with p
electrodeposdd onto it. (C) Average chronoamperometry response of lactate sensors (n = 3), as measur
benchtop potentiostat (Gamry 600+) after exposure to varying lactate concentrations for 5 min. An
response was observed where higher lactate coatiens corresponded to increased current magnitude
Average chronoamperometry response of lactate sensors (n = 3), measured with the MWEP in lactate sol
5 min showed a similar trend to that observed with the benchtop potentiostat. (epHi€uit potential respor
measured with the Gamry 600+ of pH sensors (n = 4) in standard pH buffers.
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amperometc channel of the MWEPHgure 4.5. When measured after 60 s the lactate sensors
exhibited a sensitivity of 84 uA/mM from 0-1 mM (R? = 0.97) At higher lactate concentrations
(1-10 mM), sensitivity was greatly reducef.0094 (uUA/mM) (R? = 0.87) Sensitivity was
calaulated at 60s, as measurements made prior to this point (15 s and 30 s) showed high
variability across all concentrations. For the potentiometric channel, linearity in pH sensor voltage
for the pH benchtop tests exhibited a sensitivity ¥8&82 mV/pH at60s (R = 0.9%).

While the reported lactate sensor exhibited the best sensitivity belmM 2this was
acceptable for demonstration purposes because the most critical lactate levels for physiological
insightsaretypically marked at two thresholdse. (1) aerobic and (2) anaerobid@.he aerobic
threshold occurs at lower exercise intensities, with sweat lactate levels ai@umivV marking
the shift from primarily aerobic metabolism to a mix of aerobic and anaerobic systems. The
anaerobic threshold (L72 on the other hand, occurs at higher intensities, where lactate
accumulates more rapidly, typically at 4 mM or higher in sweat. This threshold reflects sustained
anaerobic effort and the body's reduced ability to clear lactate efficiémtjitionally, other
sensor designs have been reported Widiner dynamic rangd259], [260], [261] which can be
swapped into the MWEP platformhus,at this stagethe sensor's limitations are acceptable, as it
still captures physiologically relevant lactate changes while simplifying design for demonstrations.

Similarly, it is worth noting thatie footprint and power budgets of laboratory potentiostats
enable advanced signal conditioning components such as precisierike amplifiers and
extensive filtering to minimize baseline drift and environmental noise. In contrast, the design of
the MWEP prioritized miniaturization and low power consumption, which necessitateeffade
While both systems are capable of cayptg an accurate sensor response, these inherent design

differences led to slight variations in measured currastsan be seen kigure 4.% andd.
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Biophotonic Validation

Figure 4.® shows the raw biophotonic data over the course of the cuff occlusion trial, with
attenuation increasing during occlusion as evidenced by the decrease in optical signal. Preliminary
analysis of the NIRS data for a single subject during cuff occlssiowed that Hb@and Hb both
rose during the venous occlusion (80 mmHgjlecting the increase of blood volume and pressure

expected from blocked venous outflow but unimpeded arterial infRB&2]. Figure 4.® also
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Figure 4.67 MWEP validation results. (A) Power consumption breakdown of the MWEP operating witisomigir
module and with the optical module included. (B) Biophotonic cuff occlusion validation results showi
photodiode output for both 770nm and 860nm wavelength channels and calculated CW NIRS relative he
and tissue oxygenation change) @G heart rate validation results showing MWEP heart rate versus gold <
PPG and electrocardiogram (ECG) heart rate during a high intensity exercise procedure. Increasing inten
are denoted by shaded regions.
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