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PREFACE

The greatest thing have learned in te medical research and development industry
both in my time in this lab and before, is to occasionally remind myself what all of this
hard work s really for. While these devices and algorithms and findingsinalieed
exceptional at securing publications in leading biomedical engineering jouworals,
guaranteeing graduate school diplomas with remarkable accdlaess achievements are
hardlyall that the effort iggood for. It becomes so easy to tune out the waehide sitting
endlesslybehind a computer on CAD or processing signals on MATLAByking
vigorously in the space between deadlines. You forget that the device you are designing
will one day adornthe body of another human being, one that may be suffering from a
painful, unpredictable or frightening illness; and perhaps this device ftan some
reprieve or at least some insight into that suffering. You forget that the disembodied ECG
you are reviewing and cursing because thgeBk detection algorithm is failing to interpret
the irregular rhythm for the third time this week, is far mibian a line on a figure to be
labeledi it is the footprint of a beating heart from a real living breey human being,

who can just maybéenefit from the work were doing, so long as we do it well.
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SUMMARY

The objective of the following research was to create and optimize the wearable
packagingof the first ever apparatus for both physiological (i.e., fluid presence and
kinematics) andteuctural (i.e., acoustics) health monitggi for the knee joint and later
for the lungsThe internal sensing modalities which have been formerly validated by prior
members of the Inan Research Lab include contact acceleromettetscalbioimpedance
sensorstemperature sensors and inertisasurement units. In response to internal lab
review as well as feedback frodfinical affiliates, he wearableknee device underwent
innumerablaminor reforms and ultimately three global revisidoater, in respnse to the
COVID-19 pandemic, the deviceas adapted from knee monitoring to lung monitoring.
All updates were made in various design categories, including robustness (e.g., water
tightness, component strength), ergonomics (e.g., comfort, adaptablé, sinthgsability
(e.g., labeling, designinfpr unfamiliar users), all while naturally prioritizing the base
function and protectionof the enclosedelectronics.As a complementaryaim, the
accelerometer packaging was specifically optimized for clinisalbility and microphone
performance.The folowing dissertation chronicles ¢hentire aforementionedesign
process, including sample recordsngnd user feedbacihere applicabléo support the

usability ofthe variousorm factos.
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CHAPTER 1. INTRODUCTION

Wearablehealth sensing devices hasatisfieda critical need for inexpensive,
unobtrusive, and convenient technology to longitudinally monitor physiological signals
beyond the snapshots obtainable in the clim@013 the InanResearch &b (IRL)
idenified suwchaneedn joint rehabilitation, where millions of peo@@nually navigate
through knee injury recovery using primarily subjective metricsa ageneralized
timeline of anticipated full rehabilitation. Whil@emmercialized wearables commonly
surweil sigrals like heart rate, activity levady blood oxygen statyshe Inan Lab sought
to explore morereative modalitiefor the jointlike multilocationdigital auscultation
via contact accelerometerand fluid presence assessmentusing electrical
bioimpedane (EBI), all while synchronouslytracking temperature and motidar
contextualizing theaudioEBI signak. In the years following IRL members have
demonstrad the potentialof these sensing modalities in isolatisith custom built
hardware, fimware ad data analysis methadsuccessfullyemployingacoustic and
EBI signals to distinguish between knees in various conditibaalthy \ersusarthritic
[1-3], loadedversis unloaded4, 5], andheathy ersusinjured[6-10]. With the sensing
capabilities nowhighly supportegdthe time arrived tphysicallycoalesce all modalities
into a singlefully -untethered wearable apparatus, withuhienategoal oftranslating
the device from the lato the clinicfor furthervalidation and eventu#y for athome
use. he following dissertation chronicles the mechanical design, testing and

optimization ofthis alkencompassing wearahl&int monitoring device through three



iterations, as well as thater adaptatiofor clinical lung healthmonitoring in response

to the recennhovel coronavirus diseas€@VID-19) pandemic.Further, considering

the sensitive nature of contact microph®ribe accelerometer packagiitgelf was
alsoiteratively optimizedwith regards to frequency resporeed clinicatreadiness

(i.e., watertightness, robustness, ergonomics, et€q. the best of the available
knowledge, this apparatuss a wholes the first ever wearabldeviceto combine
physiologcal (i.e., fluid pregnce and kinematics) and struetufi.e., acoustics)
measurements for both the knee and the Iuspesifically designed for use by naive
usersldeally, this device can one day complement the existing clinical approaches for
diagnosis and monitoring, wtieer in the clinic or at home, uttiately enabling more

objective and timely decisiemaking regarding knee and lung health.



CHAPTER 2. BACKGROUND

2.1 Overview

The body readily emits a variety of information with every passing second, whether
electrical impressionsdm activating muscles or tlamimated brain, or mechanical signals
from the beating heart or the breathing lungshame a few. Many of these signals can be
perceived gtracorporedy with the application of wearable sensing devices. In particular,
weardle devices of late have employed kinematic, acoustic and/or bioimpeskarsmas
to noninvasivelyinfer structural and physiological information about the body withivo
suchanatanicallocationsthat have been subjects of thepecificsensing exploiteons are

kneejoints and lungs

2.2 Knee Joint Pathophysiologyand Assessment

The knee is the largest joint in the bodyd being that its amongthe threemost
weightbearing joints (besides ankles and hips), and thtg structural stability
overwhelmindy depends om systensoft tissuan the form ofcartilage and ligamentt)e
knee is particularly vulnerable to injury. On average, 18 million kekded clinical visits
occur eah year in the United States alofidgl]. Knee maladiescommonly includeacute
injuries like anterior cruate liggment (ACL) tears, medial collateral ligament (MCL)
tears, or meniscus tears, arhronic knee conditions like rheumatoid arthritis (RA),
osteoarthritis (OA), or tendonitis. @starthritis alone impacts 2% of theentireadult

population[11, 12]. Meanwhile, even after recovery from acutenjury, the knee is prone

3



to reinjury. for instance, 30% of knees with preusly torn ACLs experience reunjy [13].
The symptomatic impact of such ailments reafgem swelling €demay, crepitus, reduced
range of motio(ROM), pain anl even loss of knee functig4, 15]. Unfortunately, the
existing means of assessing these symptoms and thaerlying cause include either
expensiveand/or invasivexaminations likemaging or blood tests, or are more qualitative
or observationalas opposed tmbjectivg in nature (subjective paireporting ROM
assessment, stabilibapability assessmenior even simply tnepassed since injury or
surgery as compared to a typical recovery schgdidé-18]. Furthermore, hese
examinationgre generally inconveniens gheytend tooccur withina clinical settingand

a single testarely captures the whole picture of the ailing jointsum,acuteinjuries and
chronic conditions of the knee impact millions worldwide, yah inexpensive,
comprehensive convenient, red-time, norrinvasive and quantitative means of knee
assessment has yet to enter the market, leaving many in a state of limbo throughout

recovery or through the coursetbgir chronic experience.

2.3 Lung Pathophysiologyand Assessment

Respiratory diseases aamong the top ten naes of death worldwide, ranging from
chronic conditions like emphysema, bronchitis, and chronic obstructive pulmonary disease
(COPD), to environmental diseases like asthma, lung cancer, or mesothelioma, or those
brought on by bactediaviral, or fungal nfections[19, 20]. Symptomsaturally vary per
illness, but may include shortness of breath, fluid accumulation, coughing, chest tightness,
discomfort, pain, and deafRB(Q]. A particularly harmful lung diseas@mown as COVID19

debuted onto the world stage at the end of 2019, reaching pandemic stataschyoi
4



2020 [21]. Symptomsof COVID-19 range from none at all (asymptomatic),those
previously mentioned, as well as fever, headache, digestive tipgktn or around the

lungs Ppneumonia and pleural effusignsespectively) as well as an uncontrolled
production of immune cells known as cytokines, resulting rermful and even deadly
Acyt oki n[B2 28.tSuchmeeéere immune responses can progress furthier in
syndromes such as acute respiratory distress syndrome (ARDS), systemic inflammatory
response syndrom({&IRS), multiple organ dysfunction syndrome (MODS), and/or sepsis
syndrome[22]. In a single study (N=201)more than40% of all assessed patients
developed ARDS, which is characterizedfoy ui d f il ling the | ungo
depriving the body of oxygefR4, 25]. Despiteartificial ventilation for each of these
patientssadlyhalf of themdied.Likewise,the mortality rates for SIRS, MOD&hd sepsis
syndromealoneare 7%, 50%, and49% respectivelyand only compound further when
combined with each other and/or existing comorbidit&& 27]. Initial COVID-19 studies

thus far suggest that early identification of and subsequent intervention for cytokine storm

and associated/sdromes is critical for patient survivi3).

Lung conditions are clinically diagnosethd monitoredin a variety of means,
including auscultation with a stethoseppmaging like Xrays, computed tomography
(CT) scans,or magnetic resonance imaging (MRI) scans, blood testsmpedance
pneumography28]. However, akin to the joint health monitoring and diagnostic tools,
each of these sensing modalities either conszatible costs, are invasive or obtrusive,
monitor in only discete time intervalspr at the very least require a trained medical
professional to make sense of the signal (in the case of the relatively simple and portable
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stethoscope)Moreover, n the ea of a highly contagious disease like COVID, health

care wokers(HCWs) have been forced to minimize their physical contact with CQVID
positive patient s f oAssuthhtleerersameedrdor an mekpeasivéh e r s ¢
lung sensing system gable of longitudinal monitoring both in the clinic and at hpthat

could additionallysimultaneouslymonitor the multiplesymptoms indicative athe early

onset of conditions like SIRS&Itimately for better patient outcomes.

2.4 Wearable Health Monitoring Devices

2.4.1 Overview

Wearable health sensing devices have asseo@ttless forms and functions since
the rise of portable technology. These devices fill innumerable gaps created by obtrusive
and expensive clinical testing like imaging or laboratory testasuring signals such as
movement[29, 30], heart ratg30, 31], ard oxygen saturatiof32]. Form factors range
from utilizing the sensors already equipped on a standard smart phone, to wrist watches,
even to electronics embedded within flexible bandages or clofBBjgConsidering the
everchanging condition of the human body, from morning to evening, during rest or
wakefulness, while under the weather or in wellndss, data obtained from wearable
devicescan paint a more comprehensive picture of the individuals wearing them
compared tasolatedglimpsesi nt o oneds heal th prompesitodged by
appointmentIn some instanee wearable healthievices havegranted freedom tthose
managing chromi i | | nesses, exchanging i nconveni e

autonomy andelf-awareness



2.4.2 ExistingNonInvasiveKnee and Lun&ensing Modalities

Several noanvasivedevices already existvhether initerature or commercially,
specifically forknee or lung monitoring, but few of them are fully wearable and even fewer
integrate multiple sensing modalities at on€encerning the kneenyriad devices exist
for tracking gait, range of motion or joint argl34, 35], often employing inertial
measurement units (IMUss the primary sensoome devices useéBI to assess the
presence of fluid (edema) and/or the general condition of the underlying soft tissues and
joint spacingsand have been able to successfully sort healthy from unh&akleg based
on EBI signalsalone[7, 36]. Acoustic emissions from the joint have also been of interest
being measured by various contact acceleromfg2e8s10, 37], air microphong[38, 39,
and even includingne monitoring approach thatmeorecommonlyapplicableto thelungs
T stethoscope[40, 41]. These acoustic emissions have been used to distinigeisieen
loaded and unloaded joint conditidi@$, between healthy knees and those recovering from
a musculoskeletal injur}g], between healthy and arthritic joirf@, andbetweersurfaces

with normaland abnormatartilage[40].

Existing devices for lung monitoring ihae respiration belts for monitoring
respiration rate and tidal volumg2 43], and wearable biocimpedance tomogty
apparatusefor assessing the respiration rate as well as lung ventilation and a¢#dztion
45]. Lung health has additionally be characterized by acaysiiecluding the
aforementioned ubiquitous stethoscope siteénvention in1830 [46], as well as more
recentmethods usingontactaccelermeters[47, 48]. As of yet, no COVID19-specific

devices have debuted in the academic or commercial arenas, althwargh have
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recognized the need for such devices and have proposed the recombination of existing

devices to fill this neef49, 50.

2.4.3 Proposed Sensing Modalities

While the previoussensing modalities are all promising isolation it was
hypothesized by thiRL that a device encompassing not only acoustic sensors, but also the
capability forEBI, as well as IMUs anttmperature sensors for further contextualizing the
acoustic andEBI data, could provide a comprehensassessment djoth structural and
physiological healthin time, the data obtained from such a device could be fed into feature
extraction and machinlearning algorithms, which would ultimately generate a universal
Aijoint health scoreo with which a clinicie
decisions about their recovery statlibe device was initially intended for thkaee, and
has since ken reconsidered for lung health monitoring in response to the CE&ID
pandemicWhile the COVIDB19 effort is currentlyvithin the prototyping anahitial testing
phaseand therefore conclusions may not yet be drawn about the efficacy of the device,
may still be conceived thadhe four sensing modaliti®gll serve slightly different purposes
for the lungs versusints. The microphonesn the joint detect the aforentemmed sounds
which correlate to healthy vs. unhealthy knees, while theoreticallgatelerometersn
the lungswill perceive differences in lung sounds indicative of lung disease state. The joint
EBI data reveals the swelling status of the knee, whigelangEBI will ideally confer
whether or not fluid is in the lungs, and wheais wdl as patient tidal volumeThe joint
| MUs communicate the | egbds position in sp.;

providing context for the joint sounds; meanwhilhe IMUs in the lung application will
8



largely provide context for thEBI recording, considering fluid of a pleural effusion is
gravity-dependent, so patient posture and position will be vital to deriving meaning from
the EBI data. Lastly, the tempertat sensor in the joint setting reveals information
regarding inflammation of the jdinlargely to be used in conjunction with tB8I data,

while the lung temperature sensatl monitor fever status.

Many electronic challenges were faced and overcome by famdentsamidst the
founding and progression of this systemcluding data terage, establishing a mobile
power supply, or creating a system that could record suchtlmigbighput signals on an
untethered device. The followirgdjssertationchroniclesthe evolution of themechanical
design ofthis system,ncluding the eventual agtation of the device for use on the torso

for lung health monitoringand the optimization of the microphone sensmrsngs.



CHAPTER 3. WEARABLE MULTIMODAL HEALTH SENSING

DEVICE EVOLUTION

3.1 Prior IRL Versions

Thejoint sensing hardware existed in a few forntdas before the conglomeration
of all four sensing modalities into a singlearabledevice.TheEBI system began as most
projects do as a tethered benchtop setup, which was designed and validated bytHersek e
al. for its ability to distinguish between inmpd and contralaterally healthy knees within a
small (N=9) feasibility study[51]. The system consisted simply tfe four necessary
female electrode snaps andcampanying cables (positive current, negativerent,
positive voltage, negative voltage), the corresponding Ag/AgCl gel electradéshe
benchtop electronicBy the following year, Hersek et al. had successfully adapted the
device into an untetherediearable form factor and also introducacteleometersand
temperature sensofsr monitoringsubject movement artssue temperatun@spectively
[7]. Now with a larger subject pool (N=49),eksek et al. wer@nce againable to
discriminate between healthy and injutatees as well asablet o quanti fy the
sensitivity using various tissue temperatulester, Mabrouk et al. improved upon the
sensing hardware even further (newhniques focalibrationandaccounting for postural
variations), and validated the updated hardware orhéladthy versus injurednkles of

elevensubjectd52].
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The pint soundssensinghardwarelikewise began as a benchtagystem, first
implemented byl 6reyinet al. usin;a MEMS MP33AB01miniatureairbornemicrophone
(STMicroelectrmics, Geneva, Switzerlandjnd accelerometers for angle sensiig).

This poof-of-c oncept system suggested that Joint
routinely characterize them, could be reliably measured even despite background noise.
Soon after, Teague et al. further validated the findingsboéyinet al., that joinlicoustic

events occur at repeatable joint positions within the flexion/extension cycle, as well as
evaluated and compared the performance of two airborne microphomesgviously used

MEMS MP33AB01, and a newelectret microphoneQOS11D,Sanken Micropbne Co.,

Ltd., Japan) and one contact microphon@igzoelectric film SDT, Measurement

Specialties, Hampton, VA, USA37]. TheTeague et al. setup is showrHigure la.

Prior Device Iterations Iterations Presented in this Work
d)

a) p e)

Figure 1. The evolution of the wearable joint sounds hardware. (a) System developed by
Teague et al. for testing 3ienophone types (MEMS MP33ABO01, piezoelectric film,
COS11D electret microphone) and IM{37]. (b) The subsequent iteration that more
closelyapproximated wearable form factor, but was still tethered and b[BKy55]. (c)
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The first fully untete r e d, wear abl e joint health systen
acoustic emissions, EBI recordingotion tracking, and temperature tracking. (d) The

foll owing iteration (AV20) with improved p
robustnes,. e) The | atest iteration (AV30) where
a COTS rigid knee brace.

At the conclusion of this study, the MEMS microphone was suggested as the least
expensive and leasusceptibléo-noise microphone of the three testadd was again
tested in a new form factor which more closely approximated ateongwearable solution
(Figure 1b) [54, 55]; however, ensunig packaging concerndtimately ruled this solution
out In awearable knee healtieview later published bhanet al.,a new a piezoelectric
contact acceleromet@BU-23173, Knowles, Itasca, Iias introduce{s6], and employed
in a study performed by Jeong etwhich suggested a connection between joint loading
and the subsequently generated joint soji@fd&Vhile the quality of this microphone did
not quite compare to that of the Dytran contact acceleronfségies 3225, Dytran
Instruments, Inc., Chatsworth, CA, US#9ed in contemporary studigs4], the Knowles
accelerometer was ultimately chosen fostil relatively high fidelity signal at &action
of the costAll joint soundssystemsuntil this point werestill tethered to benchtop data

acquisition units and controllers.

3.2 Wearable Joint Monitoring Device Version |

3.2.1 V1System Overview

With years of testing having validated tE#l and jointsounds capabilities in
conjunction with the contextualizing IMU andniperature data, it was desired to finally
A) incorporate all four sensing modalities into a single system and B) migrate the system

12



from the desktop to a fully untethered wearable foattdr, with the ultimate goal of
clinical implementationAs such, deelopment for the first truly wearabénd untethered
version ofa joint soundand motionsensingdevice that also included measurement
capabilities for temperature aptectricalbioimpeadance was initiated, and is aptly referred
to as the AV10 brace.

a)
Proximal Sensor Housing

Distal Sensor Housing

Circuit Housing
Stencil

i

Figure 2. V1 brace overview. (a) Renders of the various 3D printed hosisind the
placement stencil. (b) The intended placement of the brace on the right leg, front view and
zoomed side view.

A primary goal was ta@reatea device hat could appear readily familiao new
usersdespite being novel technology. Therefore, thegiegdok inspiration from generic
off-the-shelf flexible knee brace3here wasalsoa concerted effort to make the donning
processdothintuitive and repeatdd, and of course at a bare minimam effortto protect

the internal components
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Theenumeratedbill of materials forthis V1 iterationcan be seen ithe Appendix,
Table 7, with an overviewof the design depicteth Figure 2. All electronic components
were designed by Caitlifeague, Alex Heller, and Samer MabroBkoadly speaking, the
packagings composed of two distinct flexible sensor housifagge proximal, one distal)
and one rigid case for circuitry storageFor ease of donninga custom, flexible,
anatomicallyreferening stencilwas also designed he stencil and all housings were 3D
printed on fused deposition modeling (FDM) printers (LulzBot and Ultimaker 3+) using
either flexide thermoplastic polyurethan@PU) or rigid polylactic acid (PLA).All
housings attach tthe body using either adjustable Velcro straps, adhésigked cloth

electrodes, or a combination thereof.

Designed by Alex Heller,herigid circuit case house$é custom audiprinted
circuit board(PCB), the custonii ma iP@BXresponsible focontrolling theEBI, IMU

and temperature sensqrsyo batteries, and the cable which connects the boards.

Personally designedaeh of he flexible sensor housings comtaine IMU PCB,
one temperature PCB, tvi&BI electrodes, and all aompanying cable3.he microphones
remain independent frortne housings besides the audio plugs which interface with the
audio board, and are instead individually placed in an array arbengiatella using the
stencil as a guide and doulslieled foamRycae i s t i d¢UavaliersAdhesive Stickies,
Rycote, Rycote Microphone Windshields Ltd, Gloucestershireéted Kingdom)as the

adhesive.
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3.2.2 V1DesignReview

While the systemwas functionaglits performance was not sufficient for supporting
translation to chical settings Each sensor type was capable of recording its respective
physiological signal, but the connectors and cables which coordinated these recordings
were unreliable. The housingitempted to mitigate this unreliabilitgnd, in some
scenariosdid so successfully, but ultimately suffered from a few of its own inherent flaws

as well.

In hindsight, this initial prototype fulfilled a tried and true taleeven a fully
functioning benh top setup scarcely translates to a suatictioning packagedand
wearable at that) form facton the first try Nonetheless, many lessons were leatoduk
applied tothe next iterationAn in-depthreview ofsaidil e s son s 0 chelowinb e v

Table 1.
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Table 1. V1 design review. All electronic features may be credited to Caitlin Teague and
Alex Heller, and features related to the circuit housing may be credited to Alex Heller.

Line

1

Design Pros

First legitimate wearable and multimodal joint sensing
approach to date

Design Cons

Switches are difficult to access manually (recessed deep
within the case; requires tool like tweezers for use)

2 3D-printed housing for rapid prototyping LEDs obstructed by stacking the boards
Box assembly is difficult due to A) internal components that
Compact (distal housing: 20cm x 10cm x 0.5cm, proximal are positioned only in respect to other internal components
3 housing: 15cm x 5cm x 0.5cm, circuit case: 2.5cm x 7Tem x| as opposed to rigid external case references B) a double
7cm) and light-weight (<4lbs) packaging sided stacking process as opposed to a bottom up assembly
C) lack of uniformity in hardware
o 4 Sl sensor hoysmgs for. — clontounng = Multiple stencil sizes required for varying patient bodies
H mechanical compliance during motion
3 Use of hex nuts instead of preferred heat-set inserts due to
= L . )
E 5 Rigid circuit board housing for board protection too-soft flament choice (NinjaFlex, TPU 854)
- Without intervention, the microphones freely dangle on the
% 6 Lower housing designed to imitate a COTS knee brace for skin and potentially perturb one another. The Velcro routing
o both familiarity and comfort strap on the proximal sensor housing helps but still results in
o some cable-sensor interference
2 Uncleanable spiral cable wrap for cabl t, mad
£ Readily-available low profile COTS hardware to secure all neleanable spiral cable wrap 1or cable management, made
o 7 . even more difficult by inconsistent cable lengths and
= housings .
T branching
© : : .
o Adjustable/exchangable Velcro strap_s for attaching housings R T S s e e T A R e
ol e e e i f S would be required for feasible clinical deployment)
yielding both secure attachment as well as adaptable sizing a ploy
9  All components conveniently stored in 3 housings Relanvle Iarge surface areas .0{ h(_)usmgs which could
potentially introduce more vibrations dermally
10 Commercially available sensor cables (IMU and temp)
Custom flexible stencil that uses anatomical features for
component placement, enabling accurate, consistent and
11 )
therefore comparable sensor recordings. Usable by even
inexperienced researchers/clinicians
12 Two switches on audio board for switching recording mode | Full device disassembly required for electronic hard-reset
(audio vs BIS) and to initiate/end recording (only achievable by unplugging/replugging batteries)
13 ;7 nours OT blattery life for continuous recolrdmg on aL.JdIO IDC cables for the IMU and temp boards effortlessly break
oard (realistically, even longer since a typical recording lasts ) :
"3 } and/or disconnect amidst standard use
o fewer than 2 minutes)
S . . . :
© selierE .Of Ibattery iz CERSE recprdmg on main Fragile/unreliable custom BIS electrode snaps + cables (at
©® 14 board (realistically, even longer since a typical recording lasts )
L i both the electrode snap end and the coaxial connector)
e} fewer than 2 minutes)
O
= 15 32GB storage on either board (typical audio file size: 12MB,
E and typical main board file size: 0.25MB)
{_, 16 Fully gntethered system with battery power and local storage
E combined
B 7 LEDs to readily indicate device status (recording, charging,
ﬁ error state, etc.)
18 Micro USB ports on either board for easy computer
interfacing
19 Custom computer application (Heart Pulse) for seamless

data uploading

3.2.2.1 Accomplishments

Despte some drawbacks which are discussed below, matgworthy successes

occurredin the mechanical design departmefthis first brace generatiori-or instance,
16



the flexible sensor housing material was specifically chosen for dmwtrenientrapid

prototyping on a 3D printerand for its ability to contout o t h e

U Bnkke thes

former metal housingef the latest wearable attempiurthermorethe components are

lightweight and low profile, especially when compared to the largial cube housings

their predecessoBu bt | e features within t

he

sensor

Atunnel s0 aided in simple and organized

demonstrated ifigure 3.

c) Velcro cable
organization

a) Component

pockets d) Flexible

housing

b) Wire tunnels .
e) Extra mounting

electrode

f) Coated temp sensor

Figure 3. Noteworthy design features of the V1 sensor housings. (a}iBuilt ipoc ket s o

simple installation of the PCBs and electrode snaps. (b)-Buit At unnel s 0
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management and protection. (c) Velcro mounting locations for cable ro{d)nglexible
sensor housings for body contouring. (e) Extra-electrically connected electrode snap

for increased mounting strength. (f) Temperature PCB coated in aerosolized rubber,
PlastiDip, for electric insulation. (g) Hole in housing to maximizerral transfefrom

skin to temperature sensor.

From an organizational perspectivletentiresystem is contained within three
housings, two of which (the distal sensor housing and the circuit case) combine into a single
assembly, ultimately yielding onkyvo componerg and four microphones for the user to

place However, the user still needed a manner in which to do so, repeatably.

Patella “divot”

\

a)

\

Velcro strap for

optional

SRS Microphone holes attachment

“slanted oval” pattern

- d)

Figure 4. Process of device donning using the custom stencil. (a) Render of-{hrenB&x
flexible stencil withall features labeled. (b) Marking the distal microphone locations using
the stencil and a marker. (c) Marking the proximal microphone locations using the stencil.
Unpictured, the slanted oval pattern is also traced when the stencil isdaligne
proximaly, for later placement of the proximal sensor housing. (d) Picture of appropriate
markings from the stencil. (e) Placing the proximal sensor housing using the slanted oval
pattern as a guide. (f) Placing the Rycote stickies per the micregtencil patrn.

As such, the stencil was bor n, i n whi

(namely the distal and proximal edges of the patella) after which the user marks (with a
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marker) the patterns in the sten@tigure 4). For distalstencil usejustthetwo holesare
neededor microphone placemenproximally, the usemarksthe two microphone holes
as well as the slanted oval pattevhich can be later matched to the identical pattern on
the proximal sensor hougin(Figure 4€). The microphone locains were previously
validated in the aforementionstudieq 2-4, 8, 9, 39, 54]. Thesesangled lines (as opposed
to straight lines, a dx, or many other pattes) ensure that the proximal housing is
accurately placed both horizontally and verticalliie stencil guarantees that the IMU is
located as medially as possible to the leg of chioiceptimal sensingas well as promotes
the prger vertical and latefalistances of thé&BI electrodes relative to the joil7].
Furthermore, considering thairfjoint acoustics, the positioning of the michopes with
respect to the joint may influence the type of sounds measaret,thatfor EBI
measurements, thedectrode spacing must be maintained to capture the same segment of
the limb and thus the sameogs tissue volumeneasured consistent placemens
paramountin sum, his simplestencilnot onlyenablesase of use for devigeive users

as confirmed by early internal UMinn clinical partnebsit also fosters the consistent
placement of sensors irhdir intended locations, and furthermore thatgiardinal

recordings may actually breliably compared to one another.

Notable successfutlectronic featuregontributed by Caitlin Teague and Alex
Heller include those thgtromote ease of use for unfarail users, such as light emitting
diodes which idicate device status; switches to control recording mode and
initiation/termination; microSD cards for local storage; batteries for local power;
microUSB ports fosimplecomputer interaction; and a custoongputer applicationalled
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Heart Pulséor seamles uploading of the deidentified patient data. With the local storage

and battery power combined, the system is fully untethered from any benchtop setup.

3.2.2.2 Challenges

Despite the ssuscesses)mdnyihdeviduallchalersges prevented it
from everbeing deployed clinically. The issues were varied, from hardware challenges, to
basic ergonomic issues, and a few ultimately fatal complications pertaining to sensors and

cablesSome of these etienges are demonstratedrigure 5.

a) b) :_
L] ...

Wire slack to Coaxial connectors

- Recessed switches
mitigate tear out

IDC Breakage points
c)

\ P

Figure 5. Various challenges with the V1 brace. (a) Finicky and fragile IDC cables and
coaxial connectors. Using heat shrink as pull relief mitigated damage, but the cables were
ultimately still too fragile. Tape reinforcetld coaxial connectors, but they too congd

to disconnect despite efforts. (b) Power and mode switches too recessed for
reasonable/convenient use. (c) Fragile manually built electrode snap cables. Melted plastic
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attempted to reinforce the junction, biiey continued to break. (d) Convolutedravi
routing, and spiral wrap not suitable for clinical sanitization.

The circuit caseestricts easy access to the switches within by virtue eti¢tep
switch wells(Figure 5b), obstructs LB visibility simply by the manner in which the
boards are stacked, amds difficult to assembldleanwhile, the sensor housings suffered

from hardware teaout due to the tosoft filament.

The most critical issue for the V2 brabeweverentails the fraige insulation
displacement connector (IDC) cables required for communication between the main board
and thefour sensor boardstWwo IMU and two temperature).While the cables are
commerciallyavailable and ofthe-shelf (COTS which circumvents the hassié having
to manuallyconstructinghem the cables lack any form of strdifiex relief. As such, the
individual wires frequently broke away from the plasticterminali br ea ki nag 0o t he
a whole since the main boardll not initiate unless all ssors are detected. Heat shrink
was introduced in &ariety of approache# an attempt to ameliorate the tension on the
cables Figure 5), but these were merely stop gap solutions. The housing was modified to
encase the cables fasgreat of a lengtlas possible to prevent environmental exposure,
but this solution héithe unfortunate trade off of increasgdn surface area contaathich
naturallyhas the potential to introduoeoreunwantedrubbing vibrations into the skito

bedetected by the acezometers

Theaccelerometers and tlBI electrodecableassemblies presented some issues
as well. It was soon realized that the mic wires required some manner of routmgfthe

and away from each other and the sikimerwise rubimg/bumping would enge As shown

21



in Figure 3, a smple pair of Velcro strips served just that purpose, yet the process of
securing the mic wires was tedious and imprecise and occasionally still failed to prevent
the wires from rubbing. More critical however was tE#BI electrode cable. Following a
previowsly established work instruction, tB#I electrode snap cables were madaaunise

by soldering an insulated lead directly to the back of a bare electrodeT$reap solder

joints were then protected with a melted plastic coatifigufe 5). Despite being
reinforced,however these joints were finicky and brittle, in part due to an existing layer

of inert material on the electrode which madéering difficult as many aterials refused

to bind, and what did bind was often effortlessly snapped off. Therefore, not only were the
electrode cables time consuming and tedious to produce, but also fragile. Meanwhile, the
other end of th&BI cable vas a coaxial connector whiclowld effortlesslydisconnect if
torqued even slightly. A strip of tape attempted to mitigate disconnects, but sooner or later

the cables would again detach.

Broader challenges include the device being asymmetrical, or in wibrels,
incapable of being udeon the contralateral leg as is. As such, a clinic would require two
complete working devices for data collection, one for the left leg and one for the right.
Moreover, too manystepswere needed for setufmarking mic and seor housing
locations proximby and distally, placing the distal housing and case, placing the proximal
housing, then the four mics). Due to inconsistent cable lergtiendingfrom the case,
the cables were also difficult to neatly organize. A simpleakcable wrap was employed

in an attempt at cable consolidation, but this wrap was by no means up to clinical standards
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considering the consistent spiral opening down the length of the wrapedtigercable

bundle nearly impossible to realisticallyng&ze (Figure 5).

Overall, while many of these design flaws could be better summarized as
inconveniences, th®C cable andEBI electrode issues were simply insurmountable. The
systemwasfragile and thereby unreliable, hence depenent of the second version of

both the circuitry and the housing began almost immediately.

3.3 Wearable Joint Monitoring Device Version I

3.3.1 V2System Overgw

After the many aforementioned challenges of the V1 device, the scope of this
particular stage ofrptotyping was reevaluated. It was decided that the overriding gaal
present waso assess the effectiveness and usefulness of such a device, riireaipe

thenewinternal technology, in a clinical setting.
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b)

Proximal Sensor
Housing

Distal Sensor
Housing

Circuit
( Case

Figure 6: V2 brace overview. (a) Renders of the various 3D printed housing and the
placement stencil. (b) The intended placement of the brace on the left leg.

With thisin mind, aesthetic concermgere not heavily weighednd the housings
were optimized for efficiencyand function, from both a manufacturing and a user
experience perspective. In theory, once the technology itself was valitéedprm
factor could be prioritized, by pese incorporating all components into a geisting
COTS knee brace (i,ehe laer V3 brace)The bill of materials for tis secondteration
can be seen iffable 8, with the changes since the last version highlighted in green
revealing that nearly every component experienced a change in some form or. fashion
overview of the V2 brace can be seerfigure 6, with a detailed exploded view of the

housings irFigure 7.
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Impedance Board - Iu. ( Hardware
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Audio Board ” s o Middle Case

% Batteries (x2)

Bottom Case v»z«—ﬁ..;,

b)

IMU Board

Electrode
Hardware

Figure 7. V2 exploded views. (a) Exploded view of the circuitiad@ousing. (b) Exploded

view of the sensor housing which is used both proximally and distallycireg
manufacturing complexity. The sensor fApock:
as a hole through the base for the temperature sensor.

Akin to the first version, the V@esignconsists of aigid circuit casethathouses
an audio board, a maboard,the cable which enables them to communicatel, the two
batteries which power thenwo flexible sensor housingone proximal and one disjal
which each contain tw&BI electrode snaps, one temperature board, and one IMU board;

one flexible stencil for device donning; afwdir individually placed microphoneFEigure
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6 - Figure 7). The battery life, maory space, LED indicators, simple switch control, USB

data transfer capabilities and convenient Heart Pulse application were all preserved.

While the lousing functions remained the same (to house and protect the
components within), their form factors clgga dramaticallyBoth minor changes like
material choices as well as substantial changes like connector replacements yielded

repeatable and reliabtesults as discussed below

3.3.2 V2Design Review

Overwhelmingly, thisnew versionhas beera successso mub so that Caitlin
Teague et apublished a paper on the early promise of the V2 brace (pertaining to both the
electronic embedded systems and the ergonomic design), before even being deployed
clinically [57]. The devicehassincebeenreadily integrated intdts intended purposex
clinical study funded by the Defense Advanced Research Projects Agency (DARPA)
conductedn collaboration withaffiliates atthe University ofMinnesota (UMinnjas®ssing
theability of a multimodal joint health sensing device to monitor the joint health of patients
with rheumatoid arthritis.So far, boththe subjects themselveas well as the
researchers/clinicians coordinating thadst largely approve of the dewacFrom both
internal and clinical testing, it has been deduced tiidike V1, the drawbacks of V2
largely pertain to aesthetics amnintended consequences facedthe manufacturing
process, but naiverall functionality. A summary of the V2 design review can be seen in

Table 2.
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Table 2. V2 design reviewAll electroniccontributions were performed IGaitlin Teage,
although the decisiemaking process wastencollaboratve.

Packaging-Related Features

Electronic-Related Features

Line

Design Pros

Mare user-friendly assembly process (fewer and more medular case
compenents, all externally-referencing placements, batteries
localized in base of case, bottom up build procedurs, uniform
hardware)

Smaller package surface area on skin (__ vs __), which in tum
reduces potential for added dermal rubbing vibrations

Achiral design (i.e. a single device can be used for both left and right
legs by simply reversing the distal sensor housing Velcro strap and
the accompanying circuit case)

Adjustable/changeable Velcro straps for attaching both sensor
housings to the body, further supported by adhesive gel electrodes
yielding both secures attachment as well as adaptable sizing

Custom flexible stencil that uses anatomical features for component
placement, enabling accurate, consistent and therefore comparable
sensor recordings. Usable by even inexperienced
researchers/clinicians

Abundant labeling for ease of donning/recording

All LEDs now visible due to A) improved board stacking and B)
custom dual-extruded circuit case, featuring LED *windows" made
of semi-transparent PLA filament

Improved accessibility to typical-use switches, while maintaining
deep recesses for the new hard-reset switches to avoid accidental
switching/resetting

Built-in bend relief solutions for both cases (sensor housing "plug”
solution and circuit housing Omnetics connector “channels” and
later zipties)

Now more durable Cheetah flexible filament (TPU 954) for the sensor
housings, enabling the use of more convenient heat set inserts for
hardware attachment

Custom heat shrink solution for graduated bend relief on new
Omnetics connectors

Loosened constraints on housing as a cable protection source since
the cables themselves are now stronger, yielding smaller sensor
housings and a reduction in skin surface contact

Flexible silicone heat shrink sleeving over entirely of sensor cable
bundles {save microphones) for added protecting and to enable
sanitization

Custom mic standoff for securing/routing the mic wires off and away
from the skin

External Omnetics connactors to enable modularity (sensor bundles
can easily be swapped between units)

New stronger Omnetics brand connectors to replace the IDC
connectors of the temp and IMU boards, and the coaxial cable of
the BIS electrodes. Also new ability for custom cable lengths as well
as latching option for more securs attachment

Additional battery hard-reset switches for both boards, enabling
easier system resetting without having to disassemble the device

Smaller (from 3.5mm to 2.5mm) audio jacks on audio board, allowing
both space savings and protection from accidental foreign plug-ins
considering the less commen commercial use of 2.5mm audio plugs
New more robust COTS overmolded electrode snaps to replace the
former brittle custom made BIS snap + cable assembly
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Design Cons

Despite having the stencil, placement is still not always intuitive as A)
patella is not always palpable, B) the housings are dissimilar from
any recognizable knee brace

MNa improvement in number of donning time/steps since previous
iteration

Housings are not waterproof/debris-proof

Connectors/cables all exit the circuit case and sensor housings in
obtrusive paths {mics and main board connectors perpendicular to
each other at the circuit case; sensor housing bundles perpendicular
to the skin's surface) in part due to the new straight Omneatics
connectors as opposed to say a right angle connector

The adhesive in the Kapton tape which secures the accelerometer
solder joints eventually wears out aver time, lessening the solder
joint protection and introducing noise from loose tape rubbing the
skin

New hard-reset battery switches difficult to implement as the battery
cable and case must both be retrofitted/adapted to accommodate a
new switch

Tedious and longer manufacturing time for A) soldering leads to the
new Omnetics connectors (to build the custom IMU, temp, and BIS
cables) and B) soldering the board-mounted Omnetics connactors to
the boards

Complicated and tedious cable splitting/organization into respective
sensor bundles using heat shrink

Mic wires excessively long which causes cable management issues
and bump risks (which could introduce audic signal artifacts)



3.3.2.1 Accomplishments

Temporarily pioritizing function and efficiency over aesthetics enabled the V2
packaging to overcome many of V106s <challl
reduced in size to a footprint just large enough to contain alssagecomponents, which
reduced thesurface area of contact with the skin, thereby lessening the theoretical
vibrations introduced dermally. This size reduction was made possible in part due to the
now stronger sensor cables which no longer required exeessusing for additional

protecton (more on this later).

Figure 8. Noteworthy design features of the¥esign. (a) Labels for ease of use, new
battery harereset switches for simpler troubleshooting and power cycling, asiérea
access to the typical use ssties. (b) Buikin bend relief conduits, with added zip ties to
prevent cable disconnection. (c) Btiittloops for Velcro strap attachment. (d) Microphone
Astandoffo designed by Cai t thé skin dhe mitgate t
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bumping. (eBuilt-i n cl ear plastic Awindowso for sear
shrink for flexible cable consolidation that also permits cleaning.

Additionally, thenewh ousi ngs have no fAsi deudenoe siteed , I . e
leg with a simple reonfiguration of the Velcrstraps The circuit case meanwhile was
optimized for modularity (largely to aid in component swappingthe case of
troubleshooting or repgiras well as with assembly/disassembly in minchg¢otidated

hardware types, singleded bottomup assembly direction, fewer pieces overafl)the

electronic design, twaew switches were also addeyl Caitlin Teagudo serve as hard

reset battery switches to be used in the event of device error &dideshootingthese

were intenbnally recesseds compared to the typical use switcteprevent accidental

resetting Simple yet impactful changes also include improving tfwemal switch
accessibility Figure 8a) , adding LED Atransomso in the
visibility (Figure 8e), equipping both sensdrousings with buiin bend relief features

(Figure 8b), organizing the sensor cables into twanisizable heashrunken bundles

(Figure 8f), and abundantly labelling thusinggFigure 8a). These added features along

with the carried ovestencil method for placing the housings and nuesrall elcited

positive feedback from deviggive and no®ngineer users.

Perhaps the nsb impactful updatboweverentailed transitioning from the fragile
IDC connectors (for connecting the temperature and IMU boards to the main board) and
the finicky coaxial conectors (of theEBI electrode cables) to the more rob@DTS
Omneticsbrand comectors(Figure 9). These individual connectors are small (largest

connector used is 7mm in diameter and 8mm tall) yet stlaetp their plastic ovanold.
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Custom cables were manufactured in house, which allowed for cables to be made in the
exact desired lengths. To protect the integrity of the solder joints, a system of layered heat
shrink was devised to behave as a graduated bend relief and taledtdoree pull forces

onto the plastic connector rather than the solder jofifitite 9).

x4
o
v .
8 Omnetics
(Y

connectors

/

D"

b)

V1 fragile EBI
electrodes

COTS
overmolded
electrodes

Figure 9. V2 cable improvements. (a) The former fragiDC cables were exchanged for
more robust Omnetics coectors to be used in custdmilt cables. A system of graduated
bend relief using layers of heat shrink of varying durometers was devised to protect the
solder joints. (b) The fragile V1 EBI electreglwere replaced by COTS overmolded snaps.

Likewise, he previously fragileEBI cablegsnapswere also overhauled by a new
COTS overmolded electrode snap and cébigure 9). Not only does th@ewelectrode

snap overmold ensure the integrity of the electrode and corresponding conductor
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connection, but also the open lead can be solddiredtly to an Omnetics connector,

replacing the unreliable coaxial connector as well

While the microphone assemblies received no sooHifications the method of
routing the cables away from the skwas improvedCaitlin Teaguedevised a simple yet
effective flexible hol | owhichdrdetethe witesasvaiye d t h e
from their dermal contact points nearly tangentially, as opposed to the less optimum lateral

routing of V2 reducing tle potential for wireelatedsignal artifactgFigure 8).

A proof-of-concept recording from the V2 brace is reporte&igure 10-Figure
12 where # four biosignalsweremeasuredrom a single healthsubject female age:27
years, heightl65cm, weight:52 kg). The datavererecorced under a protocol approved
by the Georgia Institute of Technology Institutional Review Boaed thefollowing
previously establishepbint sounds ad EBI protocosk: for the joint sound measurement,
the subject completed 10 cyclesumloaded, seated flexion/extension exercises with the
microphones attached in an array surrounding the paisltay Rycote stickies; EBI
measurement was recorded witle tubject in a relaxed, seated position with legs fully
extended and supported fod frequency sweeps from 5kH8.605kHz[56]. Similarly,
the data were processed akin to previous methods. Theracceter data were bandpass
filtered (1 kHZi 10 kHz) and plotted with respect to the synchronously recorded IMU data,
which was converted into flexion/extension angle peralgorithm presented by McGrath
et al.[58]. Per the Mabrouk et al. calibratiorethod, the raw EBI data was converted into

actual impedance values, which were thkaeemble averagland plotted52].
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IRL V2 Hardware Joint Sounds and Motion Data for all Mic Channels
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Figure 10. Proofof-concept audio and IMU data from the V2 joint sensing brabe. T
signals are consistent with previous joint
sounds as the leg moves through the flexion/extension cycle.

The figures dejgt results consistent with previous findinggoint soundii c | i c k s 0
(i.e., highamgitude, shortduration, broad bandwidth eventappear cyclicallyand
consistentlyacross the flexion/extension exerci¢83], and theEBI datademonstrates
remarkable repeatabilityvith all sweeps remainingithin 1 ohm of the ensemble average
The specwwgramin Figure 12 also mimics that depicted by Hersek et[&l. with an
elevated frequency/power content near the 10kHz microphone natural resonance, with
another concentration of information below 5kHz, all generally organized in vertical

A b a n dhggld-cormdent joint sound events, to relatively efuiaps in between.
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IRL V2 Hardware Knee Bioimpedance Results
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Figure 11. Proofof-concept EBI data from the V2 joint sensing brace. The data mimics
that of prior studies, with repeatability across sweeps within one ohm of the ensemble
average.

IRL V2 Hardware Joint Sounds and Motion Data for a Single Mic Channel
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Figure 12 Proofof-concept audio and IMU data from a single mic chaniiéle
spectrogram reveals the expected 10kHz resonance of the Knowles microphoneass well
bands of activity td odd otwreaed jboh clickeeleats.d Ivees fAtqghur
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Sincethe use of these signals as physiological markers of joint health has already
been supported in previous studj&§], this brief initial testing was intended to simply
demonstrate the feasibility of the technology in this new wearable form factor during a
typical use caseOverall, this test confirmed the early technical and ergonomic
functionalty of the device.The ability of the device to discern between healthy and

unhealthy knee joints is yet to be revealed byfithad results of the UMinn study.

Lastly, & part of theUMinn RA studyprotocol, theparticipantshave provided
feedback about the brace whitaisso farbeen compiledelowin Table 3. The responses
have been colecoded in accordance to the tone of their feedback in regatde towace
itself (green for positivéeedback orange for negative, or gray for neutral or unrelated t

the brace).

Upon first glance, one can observe that the reception of the device was largely
positive. Most notably, participants overwhelmingly indécthat the brace is unobtrusive
and easy enough to don that they themselves would be willing to atisenpven on their
own, and daily at that. The questionnaire also reveals that many people do indeed
experience confusion about their RA, whether inardg to severity or unpredictability,
and could appreciate a monitor that would ultimately enable theegain some amount
of control over their chronic illness. One participant even desctibadeven though
existingRA lab tests may be informative g§npoorly correlate to the realorld experience
of pain, and was hopeful that such a device couldhfdt gap A discussion of the critical
feedback received from study participants can be found in the below se&Bah?2

Challenges
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Table 3. V2 brace user feedback collect/edm University of Minnesota rheumatoid
arthritis study by the UMinn study coordinators. Colors correlate to the tonedifaide

as it pertains to the brace (green = positive, orange = negative, gray = neutral or unrelated).
N/A indicates that the quesh either wasn't askedr wasasked but not answered.

: Subject
Question bj
3 4 5 5] ¥

1 Were you comfortable with length of Yos Yes Yes Yos Yes Yes Yes
recording?

2  Any discomfort with the brace? MN/A No Yes* Yes® Ne No Mo

a Woeuld you be willing to do recordings Yes Yes Yes Yes Yes Yes Yes
at homa?

4 If so, how often? Daily Daily Daily Daily Daily Daily Oy

! needed

5 Weuld you be able to don the brace N/A N/A Yes Yes Yes Yes Yas
by yourself?
Do you ever experience confusion

€& about the severity of your rheumatoid No MNo Yes Yes Yes Yes Nao
arthritis?
Woeuld knowing when your arthritis is

7 flaring up help you better meter your No Yes Yes Yes Yes Yes Yes

activities?

Would it be valuable if this device was
& able to give you an early warning to No Yes Yes Yes Yes Yes Yes
worsening condition?

Was the concept of using the sounds
9  your joints make to understand your Yes No Yes Yes Yes Yes Yes
arthritis interesting to you?

Would you recommend other patients

10 volunteer for this research study? Yes Yes Yes Tes Ves Yes Yes
Can you think of any changss you o o o
1 would make to the brace? e Ne Ne ves Ne Yes No
Do you wear, or have you worn in the
12 past, any braces or knee slesves Yes Yes Yes No Yes No Nao
regularly?
If so, can you describe the type of C!oth wrap Soft slesve Neoprene .
13 brace, sleeve, or other support MN/A with velcro N/A /A N/A
H and brace sleeve
materiale worm? straps
Any other comments about the Interested in Kind r'ema{'ks
14 N/A study No No to Georgia No No
iosensors part of the study?
outcome Tech

* "Heavy after flexing/extending so many times"
** "Make it more like a knee brace; encase the cables intemally”
*** "Electrode snaps are difficult to attach, and switches are hard to access”
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3.3.2.2 Challenges

The prevailing negative feedback from participants rexharound ergonomic
factors, perhaps to be expected as functionality was prioritized for this iteration. Two
participants highligled the need to make the device as lightweight as possible, as after
many flexion/extension cycles their legs became tire@ $iject suggested a housing in
which all cables were encased, as opposed to the current solution with two large cable
bundles prtruding from the circuit housing; another cited that the cloth electrodes were
difficult to attach to the corresponding electe snapss the flexible case would deform
in the processTwo patrticipants reported having a general lack of interest in oeigett
usefulness of another means of quantitatively assessing their RA, although both of these
subjects still stated they wiglbe willing to use the device at home as well as recommend

the study to others.

c)

Omnetics and
- audio connectors
perpendicular to
each other

Bulky cable
bundles

Excessive
mic cable

Straight Right angle
connector connector

Figure 13. Various chdenges with the V2 brace. (a) The Omnetics and audio cables exit
the case perpendicularly which is aesthetically unappealing as well as bulky and perhaps
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confusing to an unfamiliar user. Future versions will explore the use ofangjhé
connetors instad. (b) The cable bundles protrude noticeably from the brace. (c) The mic
cables are excessively long and as such require additional cable routing; the excess cables
run the risk of introducing artifacts into the audio signals by bumping.

Otherchallengesith this device include the fact that it is not waterpro@detris
proofed i.e. is susceptible to damage from bodily fluids like perspirairogeneral dirt
As both an ergonomic and aesthetic concern, the audio jacks and Omnetics coerrictors
the @se perpendicularly to one anothercreasing both damage risk and unsightliness
(Figure 13). Additional dual ergonomiaesthetic concerns are the bulkylediundles that
extend to each sensor housing. While &Rl cables withinare quite flexible and
compliant, as well as the outermost soft silicone heat shrink, the IMU and temperature
cables do not follow suit, resulting in a semgid obtrusive bundlehiat bows out from the
body on both the proximal and distal sensor housi@ge factor in both of these design
flaws (cables exiting the case perpendicularly and the protruding cable bundles) was the
choice of the straight boardounted Omnetics connectars opposed to rigingle

connectors which simply had not been knowntdha time of board desigdifrigure 13).

Despite the integrity of the sensor assemblies impgodramatically with the
exchange of IDCfor Omnetics connectors, as well as abandoning the marualty
electrode snaps for the CODSermolded snaps, many new issues arose, specifically in
the manufacturing realm. For instance, in the process ofcieglahe EBI coaxial
connectors on the main board, all four electrode positions-(I¥+| V-) were loaded onto
a single Omnetics conar, rendering the cable routing quite tedi@msl convoluted

Meanwhile, the Omnetics connectors required timely and careful manual soldering, both
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for the cable manufacturing as well as for board attachment. Eventually, a custom cable
manufacture(Cabk Quest, BallGround, Georgiawas contracted to reduce errand
regain internal manufacturing time, but regardless it became abundantly evident that the
ideal longterm solution must entail a connector and accompanying cable that are both
durable and aviable in custom lengths (unlike tM& IDC connectors) and CI5 (unlike

the final cable assemblies using the Omnetics connectors).

The microphones presented some issues as well. First, the cablesnesessarily
long (with the original intention of alays ensuring having enough cable), which yielded
the unintendd consequence of convoluted cable management to mitigate noise artifacts
from loose wire being bumped/tuggéBigure 13). While the mic standoff certainly
assisted inhis process, the portion of cables routed along the sensor housing bundles were
still vastly exposed and thereby prone to bumping. Moreover, in repeated practice, the
Kapton tape solution for protecting the mic solder joints proved mechanically insufficien
over timedue to loss of adhesioblltimately, the need for better cable management and a
more robust solution for protecting the microphone solder joints, all while preserving the
mi cés frequency response i n the drensired
Meanwhile, on the other end of the microphone cable, the board mounted audio jacks with
which the microphone plugs interface were frequeatigidentallyripped from theaudio

PCBsduring standard plugging/unplugging of the audio calsegpingthe solder pads

in the processand ultimately rendering an entire unit broken.

Lastly, while the custom stencil and conspicuous labelling certainly aid in device

donning, the housing form factors are still quite foreign to the unfamiliar eye. Am all
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onehousing could not only help with cable management as suggested by a UMinn study
participant, but also with more intuitive placement, would likely reduce the time/steps

required, and as one study suggests, perhaps even encouragghesencés9).

3.4 Wearable Joint Monitoring Device Version Il

3.4.1 V3System Overview

After validating the internal sensing hardware iwearable form factor, it was
finally time to pursue a fully functial andergonomic desigriJser feedback and original

intent converged on this iteration which prioritagser experience and device robustness.

As delineated iTable 9 and displayed ifigure 14- Figure 15, many components
were roughly retained albeit updated, such as the audio board, main board, batteries, SD
cards, temperature sendmvards and microphones to nanseveral However,perhaps
most noticeably, the V3 brace took quite a visual departure from the previous two iterations
as all technology was integrated into an-tbff-shelf orthopedic rigid knee brac€he
OssurFlex brace was chosen collaboation with G ° k tOuarfien Dariel Hochmanand
Mohsen Sadei, after comparinghree toprated orthopedic knee bracasrossvarious
parameters, includingracestability and strengthsurface area for hardware mounting,
ease of movemeninherentbrace vibration andfanoiseduring movenent and slippage

during movement.
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Stencil

c)

Main and
audio
board

housing

IMU and
sensor
board

housings

Figure 14. V3 brace overview. (a) Front and side views of the fully domeed-fitted

Ossur Flexbrace. (b) The inside of the brace, demonstrating the EBI and temperature
sensorhousings within the custom cut foam. (c) The placement stencil which has been
reduced for solely mic placemettnsidering the new straigfdarward brace form factor
Pictures demonsttiag the main and audio circuit houssgs well as one of thevd sensr
housings.

Additionally, threeotheroverarching changes impacted the form factor of several
componentsnamely,1) thetwo former bulky cable bundles consistinge®I, temperature
and IMU cables were all condensed intwo 20-pin Samtec brandctables whch 2)
interfaced with two respective new sensor boards, and 3) intermediary microphone wires
were introducedThe electronic updatewere established in collaboration wi@° k t u j
Ozmen The impacts of these updates are discussed bel@edtion3.4.2 V3 Design
Review The battery life, memory space, LED indicat@isd accompanying housing
windows placement stencilsimple switch control, USB data transfer capabilities and

convenient Heart Pulse applicativere all preservefilom the prior iteration
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a) Main Housing Lid

Main Board
Main Housing
Middle
Audio Board
Main Housing Base Batteries

Sensor board
(with IMU) p—s

w Ossur Flex Brace
Y

b) ‘ Sensor Case Lid

Sensor Case Base

Electrodes

Temperature Board .
EBI/Temp Housing

Figure 15. V3 exploded views (a) Exploded view of main housing. (b) Exploded view of
new sensoboard housingnd EBIl/temp housing

3.4.2 V3Design Review

Thus far, tle V3 brace prototypappears to bpromising considering successful
mechanical integration of the electronics and early feasibility recordiingsbeing said,
the system has yet to be fuitalidatedonits intendedsubjects, specifically for its efficacy

as a diagnosticobl between healthy andnhealthyknee joints,as the project was
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temporarily paused in response to the COMMDoutbreakRegardless, several pros and

cons have alreadyelen noted for this early prototypes outlined irrable 4.

Table 4. V3 design review. All electronic contributions were performe@BByk t uj , ¥ z me n
although the decisiemaking process wasftencollaborative.

Line Design Pros Design Gons
New COTS knee brace form factor which A) aids in more intuitive | Despite having the stencil, placement is still not always intuitive
1 devige donning, B) serves as a scaffold for an all-in-one design, | as A) patella is not always palpable, B) the housings are dissimilar
C) reduces user input from any recognizable knee brace
All components except microphones are rigidly attached to the
brace, which encourages more secure electrical connections and | Discrete brace sizing (i.e. not perfectly adaptable for every single

& reduces damage/pull risks, specifically for the cables which are leg shape/size like the Velcro strap form factor of V1 and V2)
no longer in large exposed bundles
3M-expert-recommended double-sided foam adhesive for
3 attaching the sensor cases to the carbon fiber brace; specifically | Noise/vibration could be introduced into the signals by the
chosen for both material types for maximum hold, and also rubbing of the brace itself (to be determined empirically)
dampens vibrations
Custom drill template for creating holes through the carbon fiber
n brace to pass through the BIS cableg and the Omnetics o Heavier than V2A/1 (51bs)
0 connector of the temperature board; reduces manufacturing time
g and improves consistency
Custom Samtec cable protection (cable wrap with rigid + Audio/main board sensor housing not ideal - awkward/somewhat
E 5 - ; P ( wEap 9 large footprint forced by the need for access/visibility to LEDs,
adhesive heat shrink at ends for bend relief) -
E switches, connectors
& Features in circuit case lid to reinforce audio jack connections on | As observed during fit testing, maintaining secure electrode
& 6 the audio PCB in conjunction with new holes in the audio PCE for | attachment to skin with current design may be difficult, especially
& zip tying the 2.5mm audio jacks to the board itself, mitigating if the brace is too large for a user (to be further explored
% conector breakage empirically)
% Custom electrode/temp housing secured to the brace via Zip Ties ’:;E:?ﬁgﬁ: déI:Sg;It :ﬁ?lﬁig‘ tehfobgcnii::ﬁ igﬁmﬁirﬂi
& 7 which provides rigid/strong attachment and is reversible in the I g g g g
: joint, and further to disrupt the prefered sensor placement
case of replacement or troubleshooting | .
ocations
COTS soft rubber foam for the underside of the brace with
g o stom cuts to seamlessly accommodate the electrode/temp More components and longer manufacturing time (but in
housings. Chosen to be ~2mm shorter than the electrode housing | exchange for less required user input)
to ensure BIS and temperature sensor contact
Multiple Flex brace sizes (S, M, L, XL) to accommodate multiple
9  participant sizes; all custom technology packaging is also
adaptable for every brace size
Many improvements to audio sensors - new intermediary wires
that A) have right angle audio plugs for a low profile connection at
10 the audio board, B) are then rigidly mounted along the brace until
either hinge at which point C) four shorter locse mic cables
extend from the hinges to the four circa-patella locations
Broadly speaking, V3 electronic updates were made with The setup has yet to be fully vetted in its intended wearable
11 packaging in mind (namely. Samtec cables and new sensor application (to be completed internally and eventually clinically
PCBs) once project is resumed)
- SN ; Audio and main boards not optimized for packaging (must finagle
@ -
oy 12 E‘:ﬁzw thhard relset SIS L0 el MR E =t (D EiE packaging to accommodate LED visibility, switch access,
= ards themseives port/connactor access, efc.)
E 13 New ability for dynamic BIS recording, controlled by a new rigidly
° incorporated switch
i} 1a New intermediary sensor PCBs to enable better cable
& management
é 15 BIS, temperature, and IMU all incorporated into a single cable
= (Samtec) now
“",_; 16 All circuit board updates tested and succeeded in a benchtop
ﬁ setup thus far (full system to be tested once project is resumed)

New entirely COTS overmolded BIS electrodes + cable assembly

47 with COTS mating board-mounted connector (i.e. fully
protected/durable electrode snap that already arrives
connectorized)
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3.4.2.1 Accomplishments

For starters, this iteration finally fulfils the original description of the DARPA
projecti a fully wearablebrace capable of audioEBI, temperature and IMU ssimg.
While V1 was a valiant but unsuccessful first try, and V2 functioned as desired but fell
short of qualifying as Bbrace perse V3 achieves both of these goals. Moreover, the rigid
brace form factor serves many additional purpdsesers can moneadily undestand the
intended physical application; all components may incorporate directly into the single
brace scaffold, approximating an-ailone design save the separately added &@&h
electrodes and mic placement; and as such user inputsiicdly redwwedwhile device

robustness is improved

As a result of all the components being rigidly attached to the single brace, the
system is overall more damapgeoof as there are fewer moving parts. The cables
themselves are fixed along the stiffloan fiber paotions of the brace, held in place by a
combination of 3M double sided tapiich was specifically recommended by a 3M expert
for the materials in ug@M, 5952 and Zip Ties, both of which are reversible if needed, by
design(Figure 16). The 3M tape is also employed in adhering the circuit housings (for
both the main/audio board stack as well as the new sensor boards) to tharimdoebles

as a vibration damper
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b)

All wires
rigidly
routed along
brace

Low profile right-
angle intermediary
mic wires

d)

EBI electrodes
and temp
Short mic sensor
cables and
intuitive
placement

Samtec
connectors

e)

Figure 16. Noteworthy degn features of the ¥ design. (aNew, permanently affixed,
low-profile, rightangle intermediary mic wiremterface with the audio boar¢b) The
intermediary mic wiresare adhered along the brace until réagha custom terminal
housing at the hingec) The mics plug into the jacks at the hinges and can be plamex
intuitively. (d) The EBI and temperature sensors directly contact the skin from the inside
of the brace, communicating through a wire conduiled through the brace. (&Jew
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Samtec conectors to replace the former Omnetics connectors. (f) LED windows
maintained for V3. (g) Mic placement stencil maintained for V3.

The transition from the multiple Omnetics connectors to the single Samtec cables
(in conjunction with the supporting sensaraods)perhaps was the greatest facilitator to
the mechanical success of timvbrace form factorNo longer burdened by the bulky and
relatively stiff cable bundles of V2, the flexible and low profile Samedudes could be
easily and discretely routedbag the brace to either of the two sensing locatiéinguf e
16b, €). A close second was the introduction of the intermediary audio cables, which
reducedhe connector profile directly exiting the circuit caBeg(re 16a, b), reduce the
user interaction with the fragile boantbunted audio jacksand enabled the shortest
possible length of loose microphone cable to mitigate wire bumping arti¥&dts the
loose portiorof the microphone cables now extergifrom thehinges the mic placement
also becomes somewhat more intuitive as the cables are already roughly organized in an

array around the knee

With a solid brace now in between the circuit boards and the signades(the
skin), a solution was need to allow theEBI and temperature sensors to contact the skin
while communicating with the sensor boards above. As such, a custom flexible housing
was devised that would pass directly through holes drilled into thmrdiber brace
which doubles aa sturdy scaffolding with which to attach and detach the electrodes with
ease (aspposedto the V2 electrode snaps and housing which were comparatively
compliant and difficult to use per UMinn participdeedback (Figure 16d). To reduce

manufacturing time and to improve consistency across braces, a 3D printed flexible guide
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was designed for drillingaid holes Meanwhile, customroam inserts (cut from COTS
foam rubber material) were designed to envelop the new sdémsmings From a
manufacturing stand point, this iteration is decidedly more involved than either V1 or V2,
but requires lesinal input from users and appears tathe most robust version yet, which

ultimately makes the additional freahd effort worthwhile.

The sane proofof-concept trial recording performexh the V2 brace was again
performed using the V3 hardware, with all else held the same (subject, proctatare
analysis methodsYhe results from said recordirgge depictedn Figure 17 - Figure 19.
These early results are promising for the intended clinical use, considering despite the
complete overhaul in form factor and many electrapdatesthe signal quality is nearly
indistingushable from the V2 sep which was specifically optimized for electronic
function/signal quality. Akin to published results as well as the V2 device performance,
the V3 EBI data depicts high repeatability across all sweeps (within 1 ohm of ensemble
averag® and the joint soursddata again present®nsistenti c |l i cks o t hr ough

flexion/extension exercise, with a spectrogram to match.

46



IRL V3 Hardware Joint Sounds and Motion Data for all Mic Channels
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Figure 17. Proofof-concept audio and IMU data from the V3 joint sensing brace. The
signals appear consistent wekpected joint sounds and IMU data.
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Figure 18. Proofof-concept EBI data from the V3 joint sensing brace. The data mimics
that of prior studies, with repeatability across sweeps within one ohne adnbemble
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average, suggestirthat the brace form factor does not disrupt the ability to record this
signal.

IRL V3 Hardware Joint Sounds and Motion Data for a Single Mic Channel
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Figure 19. Proofof-concept audio and IMU data from a single mic channel. Once again,
the spectrogram reveals a sigemhilar to previous joint sows studies, tis promoting
the usefulness of thisewbrace form factoto measure these tried and true signals

3.4.2.2 Challenges

As previously mentioned, this device has yet to be used across a varied patient
population (injured vs. healthy, different leg silshapes, etc.), but a few avenues for
potential challenges have already been identified. For instance, this brace is theawvier
the previous design which had itself alredbden deemed too heavy by the end ugdris
concern may be offset by the suppwe brace form factor, but only time and
experimentation may tell. Furthermore, during initial internal fit testing, iutteee r 6 s | e g
was slightly too small for a given brace size (but not small enough to justify moving to the

next size down), theeleotrd e snaps woul d occasionally det
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repeated flexion and extension. Likewise, the braces havelartey to slip down the leg
even in a more aptly fitting situation, perhaps because of the weight or the lacksbfanti
material Either scenario could naturally disrugdiability within even a single recording

session due to changisgnsoipositionsor sensoiskin disconnects.

The main/audio circuit boards and their respective housing presents a couple issues
as well. Thanteractive board componengswitches, connector ports, LEDsgre simply
not organized with packaging in mind, most likely besgsthey began as a means for a
functional prototype and have only received minor updates along the way (i.e. have never
been fullyoverhauled to better coordinate wétgonomicpackaging. As such, while the
V3 circuit housing is functional, it is awkwar@lo ensure access to the switches, connectors
and LEDs, while alsattempting to minimizesontact area to the braceofsideringthe
carbon fiber real estate is limited, especially on the size small brace), the boards were
stacked with asubstantial(and unsightly) offset. While the outcome is aesthetlly
acceptableit still highlightsthe need for collaborative design betweerrinalelectronics

andfinal mechanical implementation.

As discussed, the manufacturing process for this brace is more &atima the
previous version$ drilling the bracejnstalling sensors/boards into respective housings,
rigidly attaching housingt the bracéwhether viadoublesided adhesives or Zip Ties),
securing all cables neatly and stably along the carbon filbgrto name a few steps.
However, this alencompassing assembly process enables the device to be more or less
readynadefor the ser, besides attaching cloth electrodes before donning, and using the

stencil to place the microphones on the skin.
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3.5 Hardware Adaptation for COVID -19 Monitoring

In April of 2020,in response to the need fonproved monitoring technologies for
patients wih COVID-19, Dr. Inan proposed adapting thrementionedbracehardware
into a new form factor for monitorg lung health insteadf joint health Broadly speaking,
the projecientailstwo primaryaimsi adapting the technology and packaging for use on a
torsoto be initially testedn healthy volunteers, afy December of 202@eploying this
hardware taCOVID-19 patients under investigation (PUIs, i.e., those awaiting results of a

COVID test)and confirmed cases.

3.5.1 COVID System Overview

For the most paytall functional components were more or less retained from the
knee sounds configuratiohut adapted to adessa new application (see bill of materials
in Table 10). Considering both the urgency of the deployment timeline dsawéhe desire
for discretized sensor placemetite V2 electronic architecture was chosen for its existing
more or less-ll connectoito-sensor configuration (as opposed to the bundled sensor setup
of the V3 electronics). Only minor updates were m&gdh asintegrating the battery hard
reset switchnto the audio board and switching from straight to rmigle Omnetics

connectors to improve cable management.

The main and audio boards are still stored in a single central case, alongside the
accompanyingdpatteries and cablelleanwhile, since freedomwf individual placement is
desired for each of the sensors, theeatompassing sensor housings of prior designs were

retired. Considering these now bare sensors need protection, a new overmolded design was
50



explored and ipresentlybeing implemented by eontract manufacturer. More on these

desigrsin the following section3.5.2.1Accomplishments

For sensor placement, clinical feedback was sought ftemstudy affiliates at
Emoryand Grady Hospitals; the proposed placements can be seguia 20. Based on
the typical location of fluid during a pleural effusidhtee of the four microphonesiibe
placed on the right middiéobe, the right inferior lobe, and the left inferior lobes,
respectively, with the fourth microphone placed sternally for heart sodinds EBI
electrodes will be placed laterally in line with the xiphoid process for megdung fluid
status.Ilt was desed to leave one IMU and one temperature sensor locally to the sensor
housing for reference measurements, whilefridse IMU will be placed sternally to gather
postural dataandthefreetemperaturesensor will be placedithin the armpit for axillary

temperature measurement.

In the data processing phase, three of the four biosignals will be compared to clinical
gold standard$ the microphones to digital stethoscopes; the EBI data to typical pleural
effusion imaging (xays, CT, ultrasounds); and the fgenature sensors to standard oral
probe thermometers (postural data is not clinically tracked, therefore there will be no

referential gold standard for the IMU signal).
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sensor x1 oy

BIS
Electrodes

Figure 20. Proposed sensor placement for the COVID apfibo. (a) The case which also

has one IMU and one temperature sensor for reference recordings will attach to the
patientds ar m. (b) The bi oi mallyendimenmvihethee | ect r
xyphoid process; the free IMU will be placed stemdtir postural measurements; one
microphone will be placed on the chest for heart sounds; and the free temperature sensor

will measure axillary temperature. (c) The remaining thmées will record lung sound

data in either inferior lobe and the right miel¢bbe.
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3.5.2 COVID Design Review

Considering the device has thus far yet to be fully assembled and testedess

the components are stibleing manufactued (specifically at the time oflissertation

submission, the IMU and temperature cable assembiig¢ghe injection molded circuit

case) the following design review is largely hypothetical and will naturally have many

gaps to be filled once physical testing begisynopsis of the review thus fean be seen

in Table 5.

Table 5. COVID design review. All electronic contributions were performed3fy k t u j
Ozmenand Venu Ganti, although the decisimraking process wasftencollaborative.

Line

Packaging-Related Features

10

"

12

13

14

15

Electronic-Related
Features

16

Design Pros
Clinical-grade overmolding for all four sensor types for
sanitation and electrical insulation (new custom
overmolding for three of those, one pre-existing)

Color-coded and labeled sensors for intelligible donning
even by unfamiliar users

Flexible (75A) and low profile (<8mm) sensor overmolds for
comfortable skin/body interfacing and to avoid pressure
injuries

Each sensor completely individualized for adaptable
placement to maintain patient comfort and/or as the study
generally progresses and more is leamed

MNew high-fidelity sensors could be used for joint
monitoring as well

Placement guides to be in multiple form factors for
convenient use (miniaturized badge versions, signs in
patient rooms, digital versions)

Semi-transparent case for convenient LED viewing

Soft Velcro strap and foam backing for comfortable and
portable case attachment

Clip for alternative attachment

Generous cable lengths (up to 36") to accommodate
various patient demographics

All cables exit the case in the same direction

New custom microphone overmold which A) protects
solder joints and B) behaves like a trampoline allowing the

microphone to more freely vibrate on the skin surface also
without adhesive between the microphone and the skin
New audio and main boards verified on bench top setup
thus far (using previously existing sensors)

Temperature sensor for longitudinal temperature
measurement, as opposed to the only intermittent clinical
readings

IMU sensors for longitudinal motion tracking, as opposed
to only being tracked iffwhen a patient is at risk for falling
Website (or otherwise a single central digitally available
platform) for all experiment and device information for
HCWs
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Design Cons
Custom sensors/cables more expensive and time
consuming to construct; however no COTS alternatives
currently available
Each sensor must be individually placed/adhered. Could
be cumbersome/irritating for both patients and health care
workers

Ideal sensor locations to be determined (as this work
initially exploratory)

Expensive Omnetics connectors which also often have
long lead times

Main board battery hard-reset switch not integrated into
the PCB



3.5.2.1 Accomplishments

Many seemingly subtle yet impactful design features have been incorporated into
this COVID hardware adaptation. For instance, the audio and mamddave been
reoriented 90 relative to one another compared to the previous knee braces, and right
angle Omnetis connectors were introduced to the main board, which once combithed
enable all connectors to exit the case in the same dire&iguar¢ 21d), thus improving

visual organization, usability, and robustness.

For the free IMU and temperature sensors, a design was conceived in which the
cable conductors would be soldered directlythte raw IMU and temp PCBsind then
overmolded for integrity, thereby eliminating thellky Omnetics connectors, while
modularizing and waterproofing the sensamgportantly, the accelerometer lacked proper
protection, and as such a custom housing was designed and modelled using fivaite: ele
analysis (FEA), as well as physical prototyptognsure the packaging would not disrupt
the frequency response in the desired lung sounds bandwidth. This process is thoroughly
described in sectioh.4 AccelerometefForm FactoNersion Ill. The soft plastiovermold
material (TechnomelRA 658, Henkel, USA) which will be used for all three adaptations
will be dyed and labelled according to sensor type to facilitate more intuitive placement
(Figure 21b). The overmolds will be relatively compliant and low profjle8mm) to
enable comfortable skin interfacing as well as to avoid pressure injuries during prolonged
use Figure 21b). Each cable has been silgned with generous cable lengths to
accommodate varying patient sizesd the general exploratory nature of this early

endeavourFor the two reference sens@hsiU/temp boards to remain at main housing)
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protection and aterproofing will be ensured thugh the use ofustombuilt 3D-printed

Nnsl eeveso that

a) Foam
backing

/

Armband
attachment

easily slip

oRigare 21d).h e PCBs

ore

Color coded,
labeled, low-
profile
overmolded
sensors

b)

Temp BIS

L

8mm

e al

Individualized
sensors for
exploratory

research

Transparent case
for LED viewing

e

d) .
L A Protective
housings for
reference
IMU/temp sensors

~ Consistent connector
exit orientation

Figure 21 Noteworthy design features of the COVID hardware. (a) The final céideewi
professionally injection molded and attached to the body via a Velcro strap with a soft foam
backing for comfort. (b) To ensure clinical usékijl all sensors will be contract
manufactured, and three of them will receive custom overmolding for-tigieéness. All
sensors are low profile for unobtrusiveness and comfort, and-caded and labeled for
ease of placement. (c) Each sensor is irdaatly independent for this early exploratory
work. (d) The case will be a transparent plastic for LEDvirig; custom 3Bprinted cases

will protect the reference IMU and temperature sensors. With the use of Omneties right
angle connectors and a reoriditta of the boards, all connectors exit in the same direction.

Pertaining to usability features, placemguides will be made available to HCWs

in a variety of

printed versions tb e

f orm

di splayed in the

factors (small , | ami

pat i @ectrcsitd

case as a whole will be setnangparent toenable LED light transmission, amdll sport

two built-in attachment methodsa Velcro strap intended to be placed on the arm (but that

could theoreticallyalsobe placed elsewhere), and a clip for placement on clothing or bed
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sheets for instae (Figure 21a, d). An additional bagype solution(e.g., fanny pack or

shoulder sling bag}s being explored bgtudents in the IRIper clinical feedback.

Thus far, the revised audio and main circuit boards as well dggharticles of
thenew microphone aniBl assemblies have already arrived atiRie. Considering these
two sensing modalitie¢audio and EBIl)are the primary sensors for this technology
anyway, preliminary data was taken as a puadedoncept using existingIMU and

temperature sensoirs place of the pending professional cables

While the device is ultimately intended for lung monitorimgan effort to enable
direct comparison of the COVID hardware quality to some known basdfiaenew
COVID hardware wa first used in the same fashion as the V2 and V3 demo recordings
(i.e. on tle knee). Again, the same subject, protocol and analysis was performed, resulting
in the signals depicted iRigure 22 - Figure 24. The signal quality and characteristics
closely mimicked the previous two versions, suggesting that the handbgareed thus far

functionsasdesired
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IRL COVID Hardware Joint Sounds and Motion Data for all Mic Channels
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Figure 22 Proofof-concept audio and IMU data from the COVID lung senbirage used
on the knee for comparison to previous gold standards. The signals appear consistent with
expected joint sounds and IMU data.

IRL COVID Hardware Knee Bioimpedance Results
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Figure 23. Proofof-concept EBI data from the COVID lung sensing brace used on the
knee. The data mimics that of prior studies, with repeatability across sweeps within one
ohm of the ensemble average, suggesting thabithimpedance hardware is in wanlgi
fashion
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IRL COVID Hardware Joint Sounds and Motion Data for a Single Mic Channel
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Figure 24. Prootof-concept audio and IMU data fromsingle mic channel of the COVID
hardware. The spectrogram reveals a signal similar to previous joint sounds studies.

After beingvalidatedon the knees, the hardware was then attached in the intended
use case, on the torso for lung monitoriAth sensos were placed as previously proposed
in Figure 20. As describedthree microphonewere placed on the back for lung sounds
recordings, and the fourth was placed on the chest for heart sounds cagtherigee
IMU sensor was likewge placedsternally although the data was not used as the subject
was healthy and remained in a constant upright posture throughout recording. Likewise,
the temperature sensor for now was simply secured out of the way considering the
assembly laokd a prdective ovemold. A digital stethoscopewas simultaneously
employedas a reference point for the lung sounds,da&tzorded nearest to th@c onthe

left inferior lobe The obtained data is depictedrigure 25 - Figure 28.
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The bioimpedance data demonstrates the ability of the EBI hardwatetect
changes in tidal volume as de pbetowderesiveepsy t he
on the shallow breath plot, compared to thech wider error on theegp breath plot
(Figure 25). The general shape across sweeps though is promisingly consistent.
Meanwhile,Figure 26 clearly depictsthe ability of the overmolded Knowlesicrophone
to perceive heart sounggernally.Contrarily, the lung sounds in the time domain do not
appear particularlynteresting(Figure 27); however when plotted in a spectrogram,
respiration bands amvident and synchronous with the stethoscdpta, albeipossibly
noisier (Figure 28). Overall, his prelminary data holds promise for the clinical

deployment of this system.
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IRL COVID Hardware Bioimpedance Pneumography for Shallow and Deep Breaths
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Figure 25. Prootof-conceptiung EBI data obtained from the newO¥ID hardware. The
results suggest that a minimunthe hardwarés capable omeasuring differences in tidal
volume (as evidenced by the data spread within the deep vs shallow plots).

IRL COVID Hardware Heart Sounds Data
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Figure 26. Proofof-concept heart sound#ata using the COVID hardware. A single
Knowles accelerometer with the latestighester overmold packaging was placed in the
highlighted position for a standing, relaxed subject. The heart sounded&ing the start

of systoleand S2 marking the endfesystolg are clearly visible to the naked eye.
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Lung Sounds on a Littmann 3200 Digital Stethoscope vs IRL COVID Hardware
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Figure 27. Proofof-concept lung sounds recordings from the new COVID hardware. The
signals do not appear to reveal any meaningful information in the time ddyuagranted

neither does the digital stethoscope

IRL COVID Hardware Respiration Data
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Figure 28 Proofof-concept respiration data gathered from the COVID hardware
Respiration bands are evident in both the COVID hardware and of course the gold standard
stethoscope data. The C¥lhardware is decidedly noisier, but the signal is present

nonetheless.
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3.5.2.2 Challenges

As with any design, especiallye first generation, problems are bound to arise.
While these will likely reveal themselves during the initial testing to come, a few
drawba&ks have already been noted. The Omnetics brand connectors are relatively
expensivg$8-90 per connectorand if not already in stock, can have severstk lead
times. Furtherthe connectors must be made into custom cakb¥gh naturally also
increase cost andnanufacturingime. A COTS alternative would ultimately be faneed,
but considering the short turnaround time before clinical deployment, there was no time to
explore/validate a new connector and cable setup. As previously mentioned, this work
relatively ground breaking in that lung sounds, temperature, posatalancEBI have
never before been longitudinally monitoredlong-compromised patients; consequently,
despite having clinicallyecommended starting pointthe ideal sensor plagnent is
ultimately unknown and as such entails the specific placemesdabf individual sensor.

This process may be cumbersome or irritating for patients and HCWs alikeyilbut

optimistically improve as the study progresses and more is learned.

3.6 Hardware Adaptation Discussion

3.6.1 Lessons Learned

Countless lessons have beennedr over the last yeanda-half-long journey since
the V1 knee brace was very first discussed. While many of these lessons consist of esoteric
technical realizations, the arguablyora important broader meditations on design

principles at large are deglmed below.
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First, the design of internal technology must always take into account the end
application and vice versa, i.e. design cannot occur in a vacuum. For example, while the
V1 IDC connectors were sufficient for a benchtop application, they failéuitce for a
wearable oneSecond, deviceobustness isonnegotiable. Whether regardimgividual
connectorsall-encompassing dusings or anything in between, if the device bseak
simply does not matter how impressive or ergonomic it appé&aisd, project scope
should always be identified preceding the design process and revisited intermittently
throughout. For instance, peeviously discussed section3.2 Wearable Joint Monitoring
Device Version |the V1 bracaevas overly ambitioysreaching for a fully functional and
ergonomic design in oneeration When the brace design returned to the drawing board,
the scope waseevaluated and ultimately reigned in for the time beikgsuch, the V2
brace waoptimizedlf or sensor functional i t,yotovepegkh a fi s
sprinkling infeatures foheighteneduser interactiotike LED transom®nly later and as
such, was highly successful overaflaving validated the system functionalithe V3
system was free to prioritize user experience while further optimizing robustoesbeF
most recen€COVID-19 adaptatiorglinical readiness (i.e., waterproofing, eas use, etc.)
havebeen prioritizedand the design has once again evolved @s@at In sum at every
new stageof design scope management has been and will always be crucial for design
successin sum, heselessons will ultimately inform personal sign practices for a

lifetime.
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3.6.2 Future Work

Like the above lessons learned, ththpdorward for each respective project entail

both specifictechnicalupdates as well agider-ranginggeneral goals.

On a micrescale, the V2 project is largely finalized the device is already
acquiring data ithe UMinnclinical study and will likelybe discontinued in exchange for
the V3 design once completed, therefore @@signchanges would be trivial. Onnaacre
scale however, the data obtained from this study éatoybe comprehengly analyzed
from which conclusionscan bedrawn about he devi ceds ability

longitudinally, which of course is the ultimate goal of the stodgrall

Alternatively, the V3 brace has much room for minor imgraents before clinical
deployment, or even internal use for that matter. dmen a few, the brace requires both
waterproofing and sliproofing, which may for example entail altering the case geometry
to conceal the connector ports, adding gaskets seals or material substitutions
Additionally, while the current Zip Tie solutiofor wire routing serves its intended
purpose, perhapshaadhesiveconduit or bracket solution could moefficienty or in a
more visually appealing fashion route the cablesgtbe bracdf the device ever ventures
into athome or longterm territory a few more modifications should be considered
focusing on device robustness as well as simplifying user interactansinstance,
perhaps the next brace iteration could e¢radlexible sleeve as opposed to a rigid brace
that the user simply slidesyto the leg Additionally, the circuitry should be refioished

with the packaging in mind (i.e. move connectors, switches, and LEDs to more packaging
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friendly locations) which wad both improve the design process and more importantly
reduce the housing étprint. A means of ensuring repeatable flexion and extension motion
should also be considered to promote repeatable recordings, perhaps by using the IMU data
to detect both postn and velocity of the limb and subsequently outputting-tiesg
feedback or the user in the form of LEDs or audible indicators. Alternatively, the brace
could one day be actuated, thereby eliminating any potential forindkered motion
variation. Eiher way, a means of repeatable donning of the brace itself should also be
corsidered, such as an adapted stemmdroach or an additional anatomicakgferencing
component (e.g., a rigid heel bar to maintain the hinge position at the Breajlly
spealing, the V3 device has yet to be thoroughly evaluated on human subjecbpaiai

be rigorously tested internally before likely clinical deployment for the DARPA project.

Lastly, the COVID lung monitoring projeetill require minor updates as well, suas
discerning the most effective means of sensor attachment (MicroporeTegejerm
patches, etc.), the idealannerof case attachment (Velcro strap on arm, clothing clip,
hanging accessory bag, et@pdthe most efficient and meaningful protoceaihgre to
place the sensors, how often and for how long to record, atcgf which will likely
evolve as the study itself progress@dl. materials should also be optimized for the
reduction of germ transmission, including waterproofing for more strirgganitization or
perhaps using an antibacterial material or coating on theeldself. The algorithms
which are fine tuned for making sense of joint signals will need to be updated for instance
for respiratory signals as opposed to joint sounds, orall@ffusions rather than joint
edema. From a testing standpoint, the systéimeed to be tested internally on healthy
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subjects before deployment to the clinics for PUI and COVID patient testing. The data will
be compared to the gold standard measur&nghgital stethoscope, pleural effusion
imaging, etc.) and the system whble assessed for its feasibility to extract clinically
meaningful data from the multimodal sensors. Assuming the system is validated, the
packaging could theoretically be formaliziato a wearable abncompassing vest or band.
Further use could entail Igitudinal monitoring of patients at homer;, broadening the
application beyond just COVInonitoringto otherconditionslike pneumonia, cancers,

or ARDS to name a few.

An even lboader potential avendier the COVID hardwareould be the early diagnosis
of the aforementione8IRS[60]. As discussed he extreme immune response daad to
endorgan dysfunction and even death, therefore early detection is paramount for patient
survival[60]. SIRS status is established if a patient kixhiat least two of the following
four conditions: 1) extreme body temperature, 2) tachycardia, 3) tachypnea, or 4) extreme
leukocyte imbalanceat whi ch poi nt a p a{6il].eMthréldively r e at
straight forward data analysiechniques heart rate could be derived from a single
accelerometer placed sternalhgspiratory rate could be extracted from the lung sounds
data, andoodytemperatureould be monitored via the axillary sensbinereforewith this
device alone, three of the four SIRS criteria will be monitored longitudingdigerating
the potential of informing HCW®f early SIRS status, which would consediyeenable

sooner interviation and perhaps even save lives.
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CHAPTER 4. CONTACT ACCELEROMETER HOUSING AND

ATTACHMENT OPTIMIZATION

4.1 Overview

After years of trial and errothe IRL finally settled uporthe Knowles BU23173
000 piezoceramiccontact accelerometer, depicted kigure 29, for performing a
significant portiorof the ongoing acoustexperimentsHowever, finding a reliable means
of protecting ad attaching said microphones while preserving the signal of interest has
continued to present challenges. Theldfeing chapter first briefly explores the
aforementioned challenges of housing and attachment, then proceeds theoexgblution

of three poposedpackaging and attachmemsblutions for the Knowles Bl23173

microphoneand their respective performances.

Figure 29. The Knowles BlLR3173 contact accelerometer. (a) Dimensions and appearance
of the small piezoceramic adeeometer(b) Example of how the leads are attached to the
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microphone. (c) Snapshot of the accelerometer in uexetation as evidenced by the
cantilever deformation.

Knees emit vibrations deep within the joint, whigtfortunatelydo not translate well
to the surrounding anlueto the high acoustical impedance mismatch between the tissue
and the air As such, theKnowles contact microphonavas choserover previously
reviewedair microphone to bypass this air gap los$owever, thesoundf interestonly
occur during knee movemeihierein lies the problenit is preferred for thenic to directly
interface with he skin to capture as much of the signapassible, but the knee deforms
considerably during movement, causing the mic to rub against the skin, thus introducing
significant noise into the desired signal. To prevent the mic's movement relative to the skin
the leading IRL solutiorof late has beerdoublesided adhesive foam dots ("Rycote
Stickies"), whichhave more recently been foundhave the unfortunate draldack of
attenuating the valuable higrequency end of the signal spectrum, as well as intiadu

more noise as they themselves deformrdumovemeni62].

Meanwhile in the packaging realm,sais the nature of vibrating objects, any
additional mass or connection point will inevitably behave as a mechanicaldiltee
substrateultimately altering the micropime 6 s i nher ent frequency
joint sounds, whose content resides predominantly below 5kHz (i.e., spectyalf roll
frequency, or the frequency below which 95% of the spectral enerdg2@sthe need to
protect the solder joints in a clinical setting while maintaining linearity within the sensing

signal bandwidth presents a genuine challenge.
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The frequency response of thareKnowles BU2317300 accelerometas shown
in Figure 30. Largely, the response is sufficientipear until a naturalresonance which
peaks around ZkHz. In previousstudies, joint sounds rangem 1kHz to 10kHZ57],

while lung soundexistwithin 50f 2500 Hz

Approximate Knowles BU-23173-00 Microphone Frequency Response

—— Knowles BU-23173-00 Frequency Response.
+ 5dB Inherent Inter-Mic Variation

50

40 —

30

20

Magnitude (dB)
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-10- Lung Sounds Joint Sounds
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-20 -
10° 10° 10*
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Figure 30: A MATLAB -generatedecreation of the factory frequency response of the
Knowles BU2317300 contact microphone, based on the Knowles data sheet. The
response is linear untilrasonancatapproximatelyl2 kHz. The upper portion of the jui
sounds bandwidth falls within this ndinear regionhowever95% of the spectral energy

of a typical joint sounds recording occurs below 5kHz therefore thdimearity can be
overlooked 62]. The lung sounds bandwidth 500 Hz) is sufficiently within the linear
potion of the response.

In light of thedescribed challengedeciding upon pckaging desigand attachment
methodsfor contactaccelerometerss a nobriously challengingendeavor.Suggesgéd
meansof attachmentor industrial usevary from rubber bands, tmiscellaneousapes and

epoxes suction cups, clamps, Zip Tiemndeven beeswal63]. Previots IRL studieson
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human subjectsave employed Kinesitape as a backing tapk 4, 8], Rycote stickie$4,

57], thin doublesided craft tapg62], and even super glue and/or sutures for cadaver
studies[10]. However,many of the industrial applications have the added advantage of
attachment teeitheran inanimate object, i.e. where subject comfort is nobacern or

more directly to a rigid contact (e.g., jaw bone),ape measuring signals with larger
amplitudes ite., human voice or an instrument vs. joint sound3mmon industrial
packaging varierom having no packaging at all (i.e. just bare piezoelectric sensors), to
simple rubberized coatings, to silicone ovelds[63]. Until now, IRL has only explored

a coupleof packaging methodsuch as a buiin glove form factof4], but otherwise the

mics have largely been bare.

As thesamicrophones have evolved from the lab to the clinic, packaging has become
a critical need to ensuréne structural integrityof the sengr in lesscontrolledclinical

environments, aasa manner for simple and repeatable attachment by unfamiliar users.

4.2 AccelerometerForm Factor Version |

Before the joint sensing hardwareerventured beyond the four walls of the lab, the
accel es solmer joiats Were secured with the electrically passive polyitaige

commercial known as Kapton tagedure 31).
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Figure 31: Mic packaging and attachment form factor 1. (a) The soldered Knowles
microphone, wappedwith Kapton tape to secure the solder joints. (b) A roll of Kapton
tape. (c) A roll of Rycote double sided stickies, the chosen means of attaching the
microphones.

The thin tape ensured that minimal massadded to the sens@as to not bange
the frequency response by mass additiowhile also being electrically passivéhe
established attachment method of the day was 3M Rycote stickies, which were previously
proven for usen two IRL studieg[2, 4]. These foam stickiekave been used for years in
the audio industry for this very purpose, are inexpensive and commercially available, and

featurestrongyet confortable adhesin.

This Kaptontape and Rycote solution proved sufficient for higbdntrolled irlab
use cases. However, with the deployment of the V2 knee brace to the UMinn affiliates, it
quickly became apparent that the solution, egfigcthe tape,is nonideal. While
removing thepaperbacking of the Rycotes is tedious, thstill perform well enougtat
maintaining consistent contact between the microphone and skin throtighoelatively

short recordingto overlook the tediumThe Kapton tape howeverlosesadhesion over
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time, rendering itself useless bendrelieving the solder joinisand insome occasions

even introducenoiseif/whenthe loose portions brush against the skin.

To quantify the impacodf the tape and foam pada the micropbne 6 s fr equer

responsethe microphoneunderwent shaker vibration testing per the setUgigare 32

Computer

I Knowles -

DAQ Accelerometer
Power 1 i !
Amplifier Charge Impedance

Amplifier Head

2

Load
Cell

£

I8

Shaker

Figure 32 Testing setup for the microphone case testing. The microphones weeel excit
with a 1g swept sine sign&lom 507 10050 Hz to assess the impact of tregious
mi crophone packaging and attachment method

A custom MATLAB (The MathWorks, MA) computer scripailt by Mohsen Safaeivhich
ensues consistent 1g swegpine shaker excitation is sentaalata acquisition un{USB-

4431 DAQ, National Instruments, TX). The information then passes from the DAQ along
its only analog output channé¢l i A O toGa@Qwer amplifier (B&K Type 2B.Power
Amplifier, Briel & Kjeer, Denmarkand finallyarrives athe shaker for excitatiofB&K

Type 4810 Mini ShakerBriel & Kjeer, Denmark Attached to the shaker, anline
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reference impedance head (B&K Type 8001 Impedance HBrad| & Kjeer, Denmark
measures thinput acceleratioto ensure 1g acceleraticand is powered and amplified by

a charge amplifier (Type 5011, Kistler, Switzerland) before returning to the DAQ analog
I nput zero (nAlI 050 kHz dMbaawhite ehle testirg) acogldrometer a t
(Knowles 23¥3-000, Knowles, USA attaches to théop of the impedance head and
measure theoutput acceleratianThe accelerometas powered by an external power
supply at 2.15V (E3630A DC Power Supply, Agilent, US®jth two probes directly
measuing and communicaing the output voltage back to theADQ AJAd channel
likewise sampled a0 kHz An in-line force sensor (Model 31 Miniature Load Cell,
Honeywell, USA)is alsoattached to the shakeyowered by the second channel of the
aforementioned power pply at 9.9V and communicated throughe third DAQ input
channel A A | thr@ugh)direct probingrheload cellsignalis only necessary for thater
testing described isection4.4 AccelerometeForm FactoNersion lll, butwas installed

througlout all testingnonetheles$or consistency

Figure 33 presents the results of this shaker test. For this figure and all following,
the black line and accompanying-5dB shadedregion correspond to the recreated
Knowles factory frequency response and the inherent \vigyalbetween units,
respectivelyas shown ifrigure 30). Each bold line of the microphone response represents
the average dd single mic ovethreeseparateshakerruns between whiclthe microphone
was subtly repositioned on the impedance head in an attempt to simulate some degree of
placement variability that occurs in reality. The shaded region around each bold line
represents the standardwviation of the three skar runs, for each mic respectively. For
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example,Figure 33 depictsthree bold orange lingsvhich represent three different
accelerometerthat were testesvith theKa pt on f p Bachkod these rgics as
tested three times, and the standard deviation of each mic across those three runs is plotted

in the surrounding shaded regions.

As shown inFigure 33, The Kapton tape and Rycote siek produced a linear
response until a resance that begins at approximately 1kHz and peaks a2 6k#iz at
a magnitude over 10dB his responsenfortunatéy falls directly within the bandwidths
of both joint sounds and lungs soundsd considering it extends beyond theected
variation of astock Knowles microphone:(6dB), it must be concluded that the resonance
is indeed due to the tape and/or fRgcae stickie. However, @en had the modality
performed well,lte Kapton tape wadtimatelyunreliable for longitudinally protecting the

solderjoints, so a newprotectionsolution was soughanyway
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Frequency Response of BU-23173-00 with Kapton Tape and Rycotes
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Figure 33. Measured frequencygsponse of the Kapton tape and Rycote mic form factor.
The setup produced a resonance around 2.5kHz whicfoidwmately within both the jat

sounds and lung sounds bandwidths, with another resonance near the microphone natural
resonance of 12kHz.

4.3 Accderometer Form Factor Version Il

In response to theuboptimalperformance of the Kapton tapas well as out of
consideration for eventuabiential athome usea new solution was sought for protecting
the solder joints. As such, a gDinted flexible cas¢Cheetah 95A TPU, NinjaTek, USA)
was designed that closely confamo the mic and solder jointsyith a wire ficonduit
angled at 4%5from the contact surfact directthe lose wire away from the skin, thus
lessening the potential for wire rubbing noiiéigure 34). Theangledconduitadditionally
mitigates accidentalwire pulls from introducing artifactglirectly along the axis of

acceleration(as opposed to a conduit angled perpendicularly to the contact sfoface
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instance i.e, directly along the axis of measuremerithe @se are coupledto the
microphone with a hotmelt adhesiveif., fihot glue) which seves three purposdsto
electrically isolate the solder joints from the outside world, to fill any air gaps between the
mic and the case for optimal impedance matching, amaronize the possibility of the

case moving respective to the mic whicould ntrodu@ rubbing noisestself. The
attachment method of Rycote stickies were still employed at this stage of development as
some ofthe noted problems thus far were largely a matter of convereeme®rt andthe

more vital suspicion of frequepa@ampinghad not yet been exploréfirst suggestedy

Boluset al. in 20194] andthenempirically evaluaed by Ozmenet al.in 2020[62]).

Figure 34. Mic packaging and attachment form factor 2. (a) Isometric and side views of
the 3Dprinted semiflexible housing. The housing is secured to the microphomey it

melt adhesive, and serves to protect the solder joints while also directing the microphone
wire away from the skin to mitigate rubbing. The microphone intentionally sits slightly
proud of the case along the sensing axis to promote mic to adhesplangdas opposed

76



to coupling with the packagirgst). (b) Rycote stickies were still the prafed method of
placement for this form factor.

The aforementioned 1g acceleration shaker test was repeated for this microphone
solution (3D-printed cases andRycote stickies)As shown inFigure 35, the 3D-printed
cases and Rycote stickie modality resulted in a resonancéosventhan that of the prior

form factor (beginning around 800Hz, peakin@dSz, just below 10dB).

o Frequency Response of BU-23173-00 with Kapton Tape vs 3D Printed Case

Mics w/ Kapton tape & Rycote

——Mics w/ 3D-Printed case & Rycote
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Figure 35. Measuredrequency response of the 4idinted blue housing and Rycote form
factor, compared to the original Kapton tape design. The resonance migrateddonther

to approximately 1.5kHz. This decrease could potentially be iguldy the added mass
of the casig on the accelerometer.

In hindsight, this response is to be expected consideringcdhstruction of the
microphone. Dy definition, he piezoceramicaccelerometer utilizes na internal

cantilevered beam for accelerati@nsing. Considering the generalatednship between
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mass and resonant frequency of a cantilever besmsshown in Equatiof, it shouldbe
expeced that if mass is increased, thaturalresonance will decreasw/ltereyy is the
natural fregiency,C is a constant dependent upon vibration mdéde, s t he Young

modulus,| is the moment of inertianis beam mass, ardis beam length

1 0 — (1)

While the frequency response was decidediy-liveear, the magnitude of the
resonance was still below that of the Kapton tape solution, wiasishbeen employed for
countless laboratory and even published experiments. Thensfolethe response is non
ideal, the casing coultdheoreticallystill work in a bind if solder joints must be protected.
Better yet, thedesign could simply be reprinted using a higher durometer filament (i.e.
increase stiffness;), thereby theoreticallgnigraing the resonanc@ato a higher frequency

range.

This design was tended for use for both the V2 brace systerarasrofitted solution
and the V3 brace as the stock microphone solution; howewasitever actuallyleployed
as the outbreak of COVHR9 haled development, and the later new IRL COMID
project yieldeda new case design altogether which may replace this design before it has
even been deployed (described in the following sectidmccelerometef~orm Factor
Version Il). However, this solutioarchite¢ure (with perhaps a different materigg)nains

a viablebackup option for doublesided adhesive mounted microphone studies.
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4.4 AccelerometerForm Factor Version Il

For several reasons, a new packaging and attachment form factor was desired. For
instance,the hypothesis that the Rycotesuld bedamping thehigh-end microphone
frequency response was indeed confirmeddaynenet al.in a study that explored the
impact of doublesided tapes on the performance of DytB#25F7microphoneq62).
Additionally, the Rycotes were reportbg userso be embersome and irritating (both the
process and during wear), and the strong adhesiveewasoccasionally to blame for
damaging the microphonegpon removalAs such, a solution that avoided-between
adhesive altogether was prioritizédirther, he newCOVID implementationntroduceda
new watesproofing requirement considering the needrfwre stringensanitizationdue
to use with PUIs an@OVID-positive subjectdOf course emeold requirements weralso
maintained, like thebasic need toreinforce the solder joints, as well as preserving
frequency response linearity within the desired bandw(iitiv narrowe50-2500 Hzfor
lung soundg64], with the streth goal of alsoconservingthe wider knee joint sounds

bandwidthof 50 Hz-10 kHz).

Inspiration was drawn frora preexisting<nowles prototyp which Knowles offers

to customers for demonstration purpodgegiire 36).
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25mm

Figure 36. The demo packaging designed and provided by the manufacturers of the BU
23173 contact accelerometer (Knowles). The design consists of two sheets of latex attached
to a stack of rigid metal washers, sandwiching the accelerometeetivedn. For
attachmento a signal source, a force can be applied to the outer ring of washers, thereby
deforming the latex sheets aaplplying a uniform backing force to the acceleroméibe

latex effectively behagslike a trampoline or drum headllowing the microphonesi free

to oscillate.

The design i s considered a MfnNsuspensi on
sandwichd between twaound sheetsf flexible latex, all attached taneaencirclingstack
of rigid washers. The design is specifically optied for contact mi@phones, where the
accelerometer igertically centeredwithin the stack that intentionally has a shorter profile
than the mictherefore, when the apparatus is placed on a subject and force is applied to
the outside washer rings inended the microphonedeflects under uniform force
application. As such, the latex sheets perform as a trampoline or a drum head of sorts,

allowing the microphone to more freely vibrate the skinascomparedo, for instance
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having a piece of backing ga runningdirectly across the back of the microphone,

potentially attenuating vibration.

With this suspension solution in mind, a new design was developed in collaboration
with Mohsen Safaei. The idea of applying a backing force around the perimetiee ceiny
A) eliminating the need for adhesive between the sensor and the skin and B) enabling a
method for repeatable application pressure by simply tuning the material properties of the
flexible Asandwi cho materi al jngknawdesdhsigg hl y d
was not deemed particularRelegand (relatively bulky, and several assembly steps).
Instead, a design was devised that consolidated the entire assembly (latex sheets, washer
stack, and accompanying adhesive) into a single flexibldgiplagermotl as shown in
Figure 37 (the process of choosing tegactplastic durometer is detailed in tfalowing

two sections).

This solution however did not yet address itiethod of application of the backing
force; in otherapplications, the Knowles prototype could have been directly installed into
a hole in a helmet or headset, the perimeter of which would have supplied the backing force
to the washer stack. For this ctital COVID application thoughg¢onsidering the worksi
entirely exploratory, there is no preexisting wearable scaffolding into which the
overmolded pieces could be integrated. On the contrary, the sensors have intentionally been
left entirely independentdm both a housing and each other to enable adapialcement.
Therefore, each individual mic required its own backing force solution as well. As such,
t he appropriat el y nasadegignel bsaslowr Figgre 37.iTlkec e 06 wa

component is effectively a hollow cylinderD3rinted in a semilexible filament
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(Cheetah 95A TPU, NinjaTek, USAyhich is permanently attached to the overmolded
microphone via siliconeadhesive The material was chosen specifically for iistiff-
enougld rigidity to maintain its structure underbacking force that is sufficient to ensure
microphone contact, yet sedfibexibility to promote user comfortThe hollow portion
allows just enugh room for the microphone to deflesside when pressed against the

skin, in an attempt to remain low profile

| c?

Figure 37. Renders of the proposed V3 mic packaging design, developed for the COVID
clinical deployment. (a) The order of assembly, starting with a soldered microphone, then
overmolding with a servfiexible plastic or silicone mterial, applying a layer of adhesive,

and then attaching th@D-printed hollow backing piece which provides uniform force
distribution akin to the Knowles prototypekiigure 36. (b) A section view of the hollow
backing piece. (cJhe microphone is suspended in the middle of the overmold.

4.4.1.1 FEA Modeling

To aid in picking the ideal overmold material, specificallyegards to maintaining
the frequency response in the desired bandwidth, without havingrioally build and test
multiple prototypes across a wide range of overmold stiffnesses, an FEA model was

constructed with the assistance of Mohsen Safathie Program ANSYS Workbenchn
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sum, the simulation more or less virtually recreated the prewbaker tests used to

characteze the version one and tvpackagingrequency responses.

To begin, the piezoceramic microphone was modeled as a hollow rectangular prism
of the known outside dimensions (approximately 4mm x 8mm x 5.5mm) with an internal
cartilever beaminitially of amitrary dimensionsThe entire component was approximated
as structural steel, and then subjected to a harmonic accele&Hb0050Hz)along one
of the two sensing surfaces of the simulated microphdmeresulting frequeryaesponse
was observed, anithe beam paramete(samely, length and mass at the free end of the
beam)were iteratively updated until the resonance approximated that of the Knowles

datasheet, as shownHhingure 38.

With the base microphone frequency respoastablished, the accompanying
components were added into the simulatiotihe overmold, the backing piece, and the
adhesive layer between the two. For the sakainofmizing computational expense, the
geometriesvere all simplified before introduction intbe model, largely by the removal
of filets. Material properties were applied to each component respectively, as estimated
from online datasheets for silicone epoxy, NinjaTek Cheetah filament, and most
importanty the silicone overmold. More specificallywo silicone materialproperties
(Youngob6s amdd uwlems i ty) wer e fApayenabingteer i zedo
simulation ofmultiple durometer types to be iteratively simulated in the mic model. A
global mesh ble-3m was applied, with a finer mesh of-&m applied to the microphone

components a whole
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o FEA Simulated Frequency Response of the Knowles BU-23173 Accelerometer
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Figure 38. Resulting frequency response of the FEA simulated accelerometer. The
parameters of the internal cantilever beam weretitelg updated until the response
mirrored hat of the Knowles Bk23173 datasheet.

With the geometry, materials, and mesh now decided, constraints and loads were
then establishedrirst, all touching surfaces were mated respectively (the outside of the
mic to the inside of the overmold, and the asitie to both the overmold and the backing
piece). h a staticanalysis the sensing surface of the assem{he bottom face of the
overmold) was defined by a fixed support constraint. Then, considering thededen
application involves a steady backingde applied by tape across the backing piece, a
constant 1N forcdchosen based on the recommende2N1force rangepresented by
Ozmenet al.[62]) was applied to the top surface of the backing pi@te resulting

deformation fron this simulation is depicted Figure 39.
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-0.001226 Min
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Figure 39. Resuting deformation of the overmold material caused by the 1N backing force
on the backing piece within the FEA simulation. The component defeasegpected.

The abovestatic results were then fed into a modal analysis, in which ANSYS
predicts and storebe vibratory modes of the system in preparation for the final harmonic
analysis; by storing the system behavior at the natural frequencies withimodal
analysis, ANSYS can then more efficiently produce results for the subsequent harmonic
analysis by snply recycling the modal resultasing the method oBuperposition
ultimately drastically reducing computational expenskin to the lone micimulation,
the entire assembly was harmonically accelerfitad the bottom surface of the overmold
from 5010050 Hz, and finally the resulting frequency response was obtained. This process
was repeated fasvermolddurometers fron20A shore hardness t®A&, as estimated by

the density and YM values ifable 6.
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Table6.Density and Youngos

Shore
Material Hardness
(A scale)

Mold Max 20 Silicone
Rubber

OOMOO 30 Silicone Rubber

Mold Max 40 Silicone
Rubber

PR 110/50 Silicone Rubber

Mold Max 60 Silicone
Rubber

PMC-770 Urethane Rubber
Econ 80 Urethane Rubber

20

30

40

50

60

70
80

Density
(g/cm3)

1.34

1.14

1.45

1.04
1.06

mo d le bviermad materlals. F E A

Young's Mod
(MPa)

0.55
0.689
1.31
1.6
2.282

1.724
4.619

The results of the simulation are presenteBigure 40. The simulations behaved

as expected in that the stiffer the overmiidterial, the higher the resonance frequency.

From this figure, it was concluded that for the COMIB lung sounds application, an

overmold material durometer wouléed to be chosen from 60A hardness or stiffer, ideally

a material closer to 80A which walitheoretically respond withrmaximumnon-linearity

still below 3dB within the lung sounds bandwidth, and is otherwise sufficiently linear.
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Simulated Frequency Responses of Varying Mic Overmold Durometers
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Figure 40. Resulting simulated frequency responses of the various overmold durometers.
As durometer increases, so too does the natural resonance, as expected. This simulation
suggests that the best overmold duromietdnis situationvould be nearegb 80A.

4.4.1.2 Physical Modeling

Considering the tight timeline of the project and the urgent faegpproval of an
overmold material in order to place the contract manufacturing order, physical modeling
occurred concurrently with the development of the FEAI®hoAs sucha prototypical
overmold design was manually constructed within the labt, Ehe leads were soldered to
the microphoneterminals which were then secured with a small bead of epmaty
instruction from the contract manufacturérhen using 3D printed negative molds
matching the overmolded desifmrmerly shown inFigure 37, the mics were carefully
positioned and thewarious durometers of liquid silicone rubber or liquid polyurethane

were manually injected (EcoFleX0& OOMOO 25A, Mold Max 40A, PMC 770 70A,
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SmoothOn, USA) After curing, each overmold wakenbound to its own 3D printed
Cheetah filament backing piecsing a silicone adhesiv&i(-Poxy, SmoothOn, USA).

The baking pieces were all 3D printed of themeaexact material and geometiNote that
lower durometer materials (20A, 25A) were employed while the FEA model was still in its
infancy, otherwise they ould have been avoided for sake of time had the impact on

frequency response been known.

a)

40A

Figure 41 The three types of microphort®usingsin question (a) Knowles demo
housing. (b) Custorbuilt overmolded mics of varying durotees with backing pieces,
per the proposed contract manufactured solution. (c) The Winchester acuar first

article of 77A shore hardness.

Figure 41 depicts the liree broad categories of prototypgbat were tested the
Knowles demonstration prototypde simply be used as a reference point of an industry
accepted solutiofor the BU series microphone packaging; the above described custom

built IRL assemblies; ahlater, the first articles of the contrananufactured version of
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the custom overmold made by Winchester Interconiade - the Winchester overmolds
were purchsed after the FEA modeling suggested that 80 durometer overmold
would successfully avd a resonance in the desired bandwidthich was therurther
supported by the physical modelioigthe custom overmold&or added precaution though,

first artides were tested in the same manner as the internal prototypes before officially
approving tle material durometer (77A9r the remainder of the unit¥he backing pieces

for the Winchester models were likewise internally 3D printed and attawitie&il-Paxy

after receipt of sensors.

a) b)

Figure 42. Demonstration of backing tape for overmolded mic packaging solutions. (a) An
overmolded mic during shaker testing, held in place with backing force across the back of
the backing piecdJsing the load cell, the force was measured to be wittN for evey

trial. (b) Example of the 3M MediPore tape recommended by clinical affiliates for its
ubiquity in the clinic.

The mics were tested serially using the same shaker setup as before,tbrdy wi
couple of changes. FirédheRycote doublesided stickies werexchanged for soft surgical

backing tape (MediPore, 3M, USA) as suggested by a clinical affiliate for its ubiquity in
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hospitals and reliable yet comfortable adbegFigure 42). Second, to ensure that the
backing force remained consistently withire suggested-2 N within and across trials

[62], the irline load cell data was now monitore

For the sake of clarity, thénowles frequency response has been plotted separately
from the custom overmold designskigure 43, along withthe previouKapton and 3b
printed housings of the following two sectiof reference The Knowles overmold
performal comparably, but had the lowest resonance frequency of the three likely due to
the low stiffness and large mass of the overmold, and as such would oconsidered for

our application.

Fre%lency Response of BU-23173-00 with Kapton Tape vs 3D-Printed Housing vs Knowles Demo

Mics w/ Kapton tape & Rycote

—Mics w/ 3D-Printed case & Rycote
30 —Mics w/ Knowles Protoype Packaging & Backing Tape
——Knowles BU-23173-00 Factory Frequency Response

N
o

(dB)

Magnitude

-20
-30

40— 1 L T L T L L L L TR E—
102 10° 10*

Frequency (Hz)
Figure 43. Frequency responses of the BB173 with the Knowles demo packaging as
compared to the two previous mic versions. The Knowles demo case migrated the
resonance even further down i@ desired bandwidth.
As demonstrated iRigure 44, the trend previously sugsted by the FEA modeling

was confirmedi as overmold durometer increase¢he resonance igrates to higher
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frequencies, eventually beyond the lung sounds rahige.77A durometer Winchester
microphoneesonancéad thedeast overlap with the lung soundsdavidth of the group,
however, presented some Aarearity below 200 Hz, which of course not ideal for the
50-2500Hz lung sounds bandwidth. This aberration could potentially be described by the
backing force which has been shown to attenlaatdrequency oscillationg62], although

this response is still somewhat unexpected as neither the FEA simulation nor the similar
durometer ifhouse overmolds demonstrated this low frequency behakidinal plot
comparing the three ultimate microphonesiens can be seenhigure 45. Overall,while

the Winchester solution hddpromise, the low frequency behavior should be further

characterized.

Frequency Response of BU-23173-00 with All Overmold Variations
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Figure 44. Frequency responses of all overmolded solutiorduding the four custom
made overmolds of varying durometers (20A, 25A, 40A, 70A), and the first article from
Winchester contract manufacturer of 77A. As predicted by the FEA modeling, the
resonances increase in frequency as the stiffness increasés tvg#tv7A overmold had
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the latest resonance, it unfortunately demonstrated dimear response below 100Hz.
This result could be due to backing force, but should ultimately be explotadrur

o Frequency Response of BU-23173-00 with All Final Versions
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Figure 45. Summary of all threéinal mic solutions over the past 2 years. While the
Winchester solution hokd promise, the low frequency behavior should be further
characterized.

45 Contact AccelerometerDiscussion

This accelerometer packaging design process simultaneously answered many
guestions, while presenting a few new ones. For instance, the ~2.5kHz resufrtaecél
solution (Kapton tape and Rycote stickie)
iteration (or lack thereof) is the least obtrusive of all the methods, theiteficae expected
that this modality would have the most similar frequency nespdo the baseline. This
unexpected behavior could perhaps be caused by the Rycote itself, an idea that deserves

exploration akin to that done for Dytran mics®ymenet al.[62]. However, the Kapton
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tape solution has still sutfiently supplied meaningful and repeatable data for countless
trials thus far; if this solution is still implemented moving forward, the resonance should
simply be taken into account during spectral analysis (should be careful not to

inappropriately attbute this 2.5kHz information to the joint sounéts instance

Similarly, while the V2 3DBprinted case and accompanying epoxy were estimated to
alter the frequency response by reducing the natural frequency, the actual resonance
location was surprisingllow (~1.5kHz). Again, this is perhaps caused by the Rycote
means of attachmentbut again, this hypothesis should be explore@he solution
successfully protects the microphone as intended, but future users must decide if the

resonance is a show stopiber their application.

The Atrampol i neod dleoklspgtentiabfr futurk mic t¥sBng.s ol u't
Not only is this form factoa version othe industrystandard method of implementation,
it also solves many of the tried and true complicationsiofskin interfacing eliminates
adhesive between the skin and the measuring surface, promotes consistent backing force,
and provides mechanical and flthdsed protection for the mic/solder joints. However, an
interesting catct22 was stumbled upon ihd processto migrate the resonance far enough
out of the desired lung sounds bandwidth, the overmold material monstdesufficiently
rigid (for reference, 80A durometer is akin to giéfness of a dense rubber shoe heel,
not particularly flexble). This rigidity necessary for the resonance migratimenhinders
the desired Atrampolined effect, in that t1I
under the 22N backing forceThis tradeoff between resonance and overmold rigidity

simply begs the question whether or not the deformation is necessary to achieve the desired
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result In other words, it should be explored whether the backing piece still functions as
intended (deforming the perimeter of the overmaiégpite not visibly doing s@nd as

such providing an indirect backing force to the microphone, and thereby lessening vibration
attenuation as compared #&direct backing tape across the overmold iself if the
overmold rigiditynegates the presence of the backing piece altogd@th@reventing the
intended perimeter deformation from occurringhd perhaps the frequency response

would be better served by removing #ded mass of tHeacking piece.

Moving forward, many testingnd prototyping avenues should be explored for mic
housing and attachmeris mentioned above, the overmold caghsituationshould be
better characterized, as well as the impact of Rycote stickies on thdd&miecrophone
as compared to other meansatfachment like thin doubleided tapes or backingpes.
Another important but challenging arena for investigation entails verifying that the sounds
recorded by the microphones are indeed originating from the hypothesized source (the joint
or lungs) andhot from the means of attachmeRurthermore while recording for the
proof-of-concept lungs sounds data, a signal was played back audibly and background
noises like soft speaking and the whirs of a 3D printer were emitted from the laptop
speakers, revaal that these contact microphones were more seagidiambient noise
than previously personally thought. This experience then begged the question, in the case
of a subject coughinigr instancehow can one be certain that the cough signature received
by the microphone was gathered through contact vimratthough the skin and lungs as
intended, as opposed to through ambient noise, and perhaps more importantly, does that
matter?A similar question may be raised for the joint sounds applicatiow canone be
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certain that t he cfrpnodoundsaligindiimglfromcwitiendhe pinte i
and not cyclical deformation of say the adhesive pad? The fact that previous studies have
reliably been able to differentiate between various knee conslibased on sounds alone
holds promise that these aiens are unfounded, but nonetheless, could still be worth
exploring, and certainly worth consciously incorporating into design decisions (e.g.,
brainstorming attachment methods that do not create rdafmn or rubbing noises,
designing the packaging tmitigate ambient noise, or even considerimgadternative

sensor with built in noise canceling properties).

Other future work includes adapting the V3 mic packaging (overmold) for use
within the jointsounds bandwidth (i.e. moving the resonance), asasatonsidering the
lower-profile but equal in function Knowles B2384200 microphone, simply as a means
to reduce sensor size. Further, the overmold presently entirely encases the microphone,
including the contact surface, potentially impacting the desgy response in a manner
similar to the former Rycote padding. A solution in which the contact surface is
unobstructed could be a potential avenue for improving the frequency redpastie.for
maximum repeatability and easé-use, a universal acceteneter housing should be

explored, in which all mics can be placed at once, ideally without the use of adhesives.
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CHAPTER 5. CONCLUSION

This dissertation has presentag areas of performed researélirst, hieevolution of
a wearable, multimoddbkcoustic, EBI, émperature, and motignfiealth sensingevice
was describedyom its infancyas thefirst wearable joint healtiteration thatultimately
failed to thrive, followed by a highly successful clinicadlgployed second iteratiothien
a promising third alencompassing brace form factor to be tested in coming months, and
finally concluding with a a fully adapted system for lung health monitoring of C@\dD
patients. Second, the packaging for one of the $ensing modalities was optimized for

both performace and clinicaleadiness.

Multiple significant conclusions weneachedn this process. The V2 brace was the
first fully untethered, wearable, multimodal sensiliggnostiadevicecapable ohssessg
both physiological (i.e., fluid presence and kinemeg) and structural (i.e., acoustics)
information about the underlyirjgint [57], also specifically designed for implementation
by unfamiliar users. Likewiseptthe best of the available knowledge, the subsequent
COVID-19 lung adptation is the first wagable device for longitudinal COVH29acoustic
and bioimpedance monitoring, nonetheless lung monitoring in general. Generally
speaking, a key contribution wasply facilitating thetranslationof lab-based hardware
to clinical and potentially ahome use, through prioritization design robustness (e.qg.,
watertightness, component strength), ergonomics (e.g., comfort, adaptable sizing), and
usability (e.g., laeling, generally designing for devioive users)Again, to the besof
the available knowledge, the custom overmolded accelerometer with backing piece for
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unified force application islsothe first of its kind Likewise, the frequency response
characgrization of the various microphomackagingsolutions via shaker tesshad not

been previously done for the Knowles 23173 microphone.

Future work should include assessing the final results of the V2 brace clinical studies,
and later evaluating the ee brace both internally and clinically, and possibly even
with athome users. Ideally, the aforementioned joint health score could be derived from
thedata and, eventually, tistretch goal of the DARPAunded projectvhich is building
a closedoop sysem (i.e., one that titrates treatment in the form of transcutanegus v
nerve stimulation which is suspected to have positive/amplifying impacts on healing) could
be realized. The lung sounds hardware should also be thoroughly tested internallyp and the
deployed clinically. Ideally someday, theeatonics for eitherapgdication could be
updated to actively report the measured signals, enatdaigime decision making, for
instance for use in critical scenarios like rapidly decompensating cardiopinon
function. Naturally, all devices should be iteratively updateédas experience and user
feedback. Concerning the microphone packaging in particular, the pauaand
attachment metius should be further characterized by shaker tests and improved i

regards to resonances within the desired bandwidths.
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APPENDIX

Table 7. V1 brace hill of materials.
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