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Abstract
This dissertation explores portable, wearable biomedical devices, focusing on

bioimpedance and lowtensity pulsed ultrasound (LIPUS) f@re-diagnosis, detection, and
treatment It includes five studies, three on bioimpedance and two on LIFRUSt, in the
bioimpedance areg this dissertation investigaés the feasibility of using bioimpedance
measurement with bipolar electrode configuration for kniegury assessmentiemonstrating its
potential for knee injury detection and monitorifitne second studgresents an el@ochemical
impedance spectroscopy (EIS) based methobitonarkerdetectionwith the aniSARSCoV-2

IgG antibodybeing used as the biomarker in the study. The reshitsvthat this method can
offer rapid response, high sensitivity, and minimal sametpirementsAfter that, the third
study introduces the development of a portable,-mst EIS system for poktf-care (POC)
testing, showcasingxcellentaccuracy and precision in biosample measurements. Within the
LIPUS domain, an interface chip for meturizedLIPUS driver systemss presentedThis chip
integraes multiple modulesonto a single chigo as teensure the compatibility and low cost of
the systemWith an inductoifree design, the chip can be magnetic resonance imaging (MRI)
compatible.The last study explosethe effect of LIPUSwith various parameter settings
promoting neuronal growth and nervous system regeneration. Intlssrdissertatioradvances
portable and wearable biomedical devices, with significant implications for bioimpedance and

LIPUS technologies in early diagnasisomarker detectiorgnd treatment.
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1. Introduction

1.1Background of Portable and Wearable M edical Devices

In recent years, there has been a surge in the popularity of portable and wearable
healthcare devices owing to their diverse medical applications such as biomarker deteetion, pre
diagnostic analysis, and therapeufits2?]. These devices are not only compact but also capable
of reattime monitoring, which makes them very efficient and precise especially when used in
point-of-care (POC) settingf8]. In contrast with conventional costly medical instruments priced
over 10K USDwhich require trained personnel to operahd have bulky sizes, these affordable
easyto-use alternatives can provide rapid resulkreover, traditional medical instruments
often involve the delivery of biosamples obtained from patiergsatmonaryequipmentwhich is
time-consumingln contast, portable and wearable healthcare systems can deliver ragbiet on
spot results while requiring fewer medical supplies. This significantly reduces patient waiting
times and costs. With the potential to transform the field of healthcare by providiegdagient
care at lower costs, the use of portable and wearable systems is becoming increasingly popular

among researchers and companies in the healthcare sector wofilviifie

Portable and wearable healthcare devices have become popular for their ability to detect
biomarkers in biosamples like blood, urine, and human secrekonsnstance, handheld blood
glucose monitors enable diabetes patients to measure their glucosamgtiehe anywhere([6].

This provides them with information that can hégm to bettemanage theiblood glucose
condition and it also allows patients t@espond promptlyto abnormal glucose leveldn
addition, researchex have also been making efforts to devePPC biomarker detection
methoddor variouscancerg7], such agprostate cancdgB], liver cancef9], ovarian cance}10],

colorectal cancefll], breast cancefl2], lung cancef13], bladder cancefl4], and others



These POC tumor biomarker detectiosolutions make early detectionpossible leading to
improvement in survival rateOn the other handthese technologies also offer promising
applications in digital biomarker detectionThis includes commercially availkb
electrocardiogram (ECG) monitors providing high accuracy continuous monitoring while
recording data or even sending it in raale helping doctors monitor heart disease management
effectively [15, 16] Moreover, wearable devices, such as smart bracelets and watches, can track

a patientds health condition, I nc,landdnorgld, heart
18]. A famous example ithe Apple Watch.Compared to conventional medical equipment, these
portable and wearable healthcare devices assitherimely collection and analysis ofthe

physiological data of patients for personalized treatment decisions.

Regarding treatment, the utilization of portable and wearable medical devices can provide
comprehensive healthcare services to patients by delivering drugs, physical therapy, segsions
other functions. For instance, individuals with diabetes can benefit from using wearable insulin
pumps that help control blood sugar levels anytime, anywh8teThe use of electroceuticals in
wearables or implants for therapeutic electrostimulation provides efficient delivery of electrical
signals to target such as nerve modulation or muscle activation while offering comfortable
attachmen{20]. Additionally, knee rehabilitation progress visuatiaa is possible by using a

sensor system worn on the body which facilitatelscme physical therapy prograf2d].

In conclusion, portable and wearable medical ckeevihave become an innovative area in
healthcare development for their capabilities of providing continuous monitoring capabilities
supporting remote care options along with personalized health management solutions. Also, this
topic presents new opportues for innovation within the healthcare industry increasing its

growth potential and leading towards enhanced patient cqudditfe experiencesWith further



advancements in technology and researchcaveanticipate that these devices will continue to

make increasingly important contributiotosvard human health advancement

1.2 Boimpedance

Bioimpedance is a nemvasive and costffective dekection techniqueutilized in the
biomedical research fielthat measures the electrical properties of biological tissues. Current
research has been focused on improvihg accuracy and reliability in bioimpedance
measurements, particularly for complex biological systefiés focus is reflected in various
aspects ofbioimpedance measurement system development such as impedance tomography,
microelectrode arrays, and wearable seng2s24]. Over the yearshioimpedance technology
has found widespread application across several domains including medical diagnosis, health

monitoring, food quality control, and oth¢25].

The fundamental principle of the bioimpedance techniquibat different tissue types
possess different electrical properties resulting from their unique composition and organization
[26]. The impedance of biological tissue is expressed uaimpmplex valu@ the real part
resistance (R) anthe imaginary parteactance (¥. Resistance represents the opposition of a
material to electric current flow, whereas reactance reflects its capacitive and inductive attributes
[27]. To measure a tissue's impedance, a known alternating current (AC) signal is apglied
excitationsignal and the voltage across the sample is subsequently recordade versaThe
bioimpedance measurement at various frequeraiebles the differentiation between resistive
and capacitive properties, thus offering more comprehensive insight entiistlue's electrical

characteristic§28].



Figure 11 Demonstration of the relationship between the current through biological tissue and
the frequency.

Bioimpedance measurements providduable insights into the properties of biological
tissue [29-32]. The measurements involve electric currents at different frequencies, which
behave diffeently within biological tissues as depictedFigure 11. In the lowfrequency range
(typically below 1 kHz), the capacitive properties of cell membésaprevent electric current
from penetrating them, hence it primarily flows through extracellular fluids. Therefore,
bioimpedance readings obtained in this frequency range mainly reflect characteristics associated
with the extracellular matrix and inteits&l fluid, giving insight into their composition and
structure. Conversely,high-frequency bioimpedance measurements (usually above 100 kHz)
allow for an assessment of both intracellular and extracellular compartments since cell
membranes no longer pose a barrier to electrical current flow; thus offering a more

comprehensive measmment of overall tissue composition, structure, and function including



cellular components along witheintracellular fluids(ICF) within them.Researchers casbtain
essential information about various aspects of biological tissuasdaguringbioimpeldance
across a spectrum of frequenci€hismethod iscalled bioimpedance spectroscopy. This method
is versatile for characterizing complex biological materialglifferent fields like healthcare,

fitness, or agriculture due to its broad range of apipica[28, 30, 33, 34]

To date, there have been numerous studies showing bioimgedan@ promising
medical diagnostic toolOne of the most studied areas is the skincer diagnosisor example,
the research conducted by D. Kanmit al. exhibits that bioimpedance owns the potential in
distinguishing between malignant and benign skin ledi8bis FurthermoreP. Aberget al. also
demonstratedts potenial capability todifferentiate various types of skin cangeincluding
melanoma, squamous cell carcinoma, and basal cell carcif@@hdn addition to diagnosing
skin diseases, researchers haleo utilized bioimpedance measuremends a diagnostic
techniquefor chronic dstructive pulmonary disease (COPD) diagndRissearchersvaluated
the bioimpedance of the lungs in patients with COPD and fausthtistically significant
difference amonglifferent stages of the dised85, 38] Bioimpedance has aldmen studiedh
assessingpther respiratory illnesses like pneumoig®]. These findings suggest promising
possibilities for nofinvasive diagnostic tools employing bioimpedance analysis across many

health concerns.

Apart from its diagnostic applications, bioimpedance has also been explorad as
promising technique for health monitoringor instanceit has been investigated in predicting
the risk of heart failure progression by measuring the bioimpedance of patughts
cardiovascular conditiongl0-43]. Additionally, it can be utilized to measure body hydration

levels [44-46]. This is especially useful for athletes who require fluid balance to enhance



performance[47]. Monitoring changes in body fat percentage is another application where
bioimpedance can provide valuable information especially when trattiéngrayress ofweight

loss programs[48-50]. Furthermore, studies have shown that utilizing bioimpedance
measurements could potentially enable healthcare professionals to track nutritional status
accurately[51]. For instance, they may identify individuals at risk of malnutrition while

undergoing chemotherapy treatms1).

Bioimpedance technology has also demonstrated its potential in the food industry for
assessing the quality control of various food produe€ts. instance, it has been utilized to
measure the electrical properties of meat products to indicate their freshness and overall quality
[53]. To mi s | aet al.imeaslreld the bioimpedance of fish and found that it was able to
predict the freshness of the fish based on salt and moisture content determination reflected by the
bioimpedancd54]. Food water content measumnent using this technique can be advantageous
for classification purposes as well as ensuring-gjgality food standardb5, 56] Furthermore,

Pietro Ibbaet al. confirmed the utility of bioimpedande monitoring aging evolution across a
diverse range dfruits [57]. Regarding vegetable 0il3,] a g a etRlrppopo®d a system that
utilizes electrodes immersed within vegetable oil samples which could classify edible oil's
gualities due to the inherent higher insulating characteristics within the better vegetfigé oil

F.J. Ferrercet al. developed an electronic detection tool designed specificallgdrly mastitis
diagnosis for cows via analyzing milk conductivity during milking operati{®@]. The
versatility and potential applications of bioimpedance technology in various food quality controls

make it a promising solution for fimer research and development.

In summary, bioimpedance is a versatile and-imeasive methodhat measues the

electrical properties of biological tissues, with numerous applications in fields such as medical



diagnosis, health monitoring, and foqdality control. The progress made over recent decades
has seen significant advancements in mechanisms, techniques, and applicatidihareasent
research state of bioimpedance indicates that it still holds great potential for advancing our
understanishg of various biological systems, resulting in more biomedical outcoHmsever,

there are still challengesuch asenhancing the accuracy and reliability of measurements
establishing appropriate models for various subjectd,the development of mopertable user

friendly devices.

1.3 Low-intensity PulsedUIltrasound

Ultrasound technology has been utilized for nearly a century in various medical
applications such as diagnosis, therapy, and surfgi€ry 61] Initially, it focused on high
intensityultrasound to utilize its thermal effects to elevate the temperature of the targeted tissue.
This method paved the way for numerous medical procedures and intervdg6orgl] In
recent years, however, there has been an increasing interest-imdasgity ultrasound hich
does not relyon thermal effects. This emerging field of research has potential versatility in
medicine.Promising progesshas been reportedor many applications including bone fracture
healing promotion[62], neuromodulation[63], peripheral nerve egeneration[64], cancer

therapy[65, 66] and so on.

Low-intensity pulsed ultrasound (LIPUS), a derivation of Jowensity ultrasound, is an
innovative norinvasive therapeutic method gathering attention across biomedical research
domains due largely in part due to its demonstrated potential to promote tissue repair and
regeneration. As illustrated Figure 12, LIPUS has pulses of ultrasoumdvesand comes with
three timing parameters including pulse repetition frequency (PRF), ultrasound fumalame

frequency (UFF), and duty cycles. The amount of delivered energy is determined by these



parameters alongside ultrasound amplitude to ensure that a therapeutic effect is achieved without
thermal issues. The unique characteristic of LIPUS is its catyabil providing sufficient
ultrasound amplitude without causing thermal problems as it concentrates energy within pulses,

instead ofproviding continuous delivery67].
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Figure 12 Demonstration of a LIPUS wave and its essential parameters.

The complete comprehension of the therapeutic efficacy mechanism for LIPUS in
medical applications remains to be studied extensij@y. Nevertheless, severhypothetical
mechanisms have been proposed, including mechanical stimulation, cavitation, and Nitric oxide
(NO) production.(a) mechanical stimulationPressure waves generated by LIPUS result in
mechanical stress on cells and tissues. Consequently, mechanotransduction pathways are
activated upon conversion of these signals into biochemical responses causing an increase in
growth factors' secretion alongside cytokines and extracellular matrix proteins’ production
crucial for tissue repair or regenerati@8-72]. (b) cavitation:LIPUS can cause the formation

and collapse of microscopic gas bubbles within biological tissues, a phenomenon known as



cavitation. The rapid collapse of these bubbles generates localized mechanical stress, which
increases cell membrane permeability. Thieqmenon facilitates the transport of essential
biomolecules, including growth factors and nutrients, into and out of cells, thereby promoting
healing and regeneratidi@3-79]. (c) NO production: LIPUS has also been demonstrated to
stimulate the production of NO, a gaseous signaling molecule that participates in numerous
physiological processes. NO possesses vasodilatory properties, which can enhance blood flow
and oygen delivery to damaged tissues. Moreover, NO contributes to angiogenesis,
inflammation modulation, and tissue repair, thereby augmenting the therapeutic effects of LIPUS

[80-84].

LIPUS has been gaining attention for its various clinical applicatjgm®arily due to its
ability to stimulate tissue regeneration and healing. First, LIPUS has demongtepedential
in acceleratingoone healing in instances of fractures and-noion fracture§79]. LIPUS may
significantly expedite the overall process by promoting new bone formation, increasing bone
mineral density, and shortening consolidation duraf@®87]. The first LIPUS device for
promoting fresh fracture healing received approval from the Eb8d and Drug Administration
(FDA) in 1994[88, 89] Subsequently, in 2000, the Fx¥yprovedhe use of LIPUS in nonunion
treatmen{90, 91] Thesecan bevaluabk optiors particularly beneficiafor patients experiencing

delayed oimpededfracture healig.

Secondthe effectiveness of LIPUS in enhancing tendon and ligament healing has been
extensively investigatedThrough promoting cellular proliferation, cajjan synthesis, and
growth factor expression, LIPUS therapy presentsl@mnnativetherapeutic option for soft tissue
disorderslike tendinopathies or ligament injuriess it aids with repairing and regenerating the

injured tissued92, 93] As early as 1990, Enwemela al. investigated the effects of low



intensity ultrasounan the human tendon calcaneus healing process; their cbndiuced that
low-intensity smication yields superior results than higibensity ones[94]. Similarly, a
research investigation ysu et al. revealed thaLIPUS therapy significantly improved clinical
outcomes and structural healing in patients with Achilles tendinog@Bly Animal studies
undertaken byTakakuraet al. also suggested earkgcovery potential poshedial collateral
ligament injury upon using LIPUS therapy, which highlights its value as a promising therapeutic
intervention[96]. These findings support the useldPUS for treating various types of temrdor

ligament injuries to assisstablishedreatments

Third, the utilization of LIPUS has also shown promise in inflammation treatiS&it
The study conducted bRinder et al. demonstrated the therapeutic effects of LIPUS on
epicondylitis, presenting improved weigfifting capacity, grip strength, and relief from pain for
subjects in LIPUSreated groupg[98]. Harris et al. subsequently investigated the anti
inflammatory benefits provided by LIPUS with evaluations of facial swelling, trismus, pain, and
serum Creactive protein outcomg89, 100] They were the first to observe that lowetensity
ultrasound yiled greater benefits than higher intensitle®m 2012 to 2013F:ngelmanret al.
and Nagataet al. skeletal muscle injury treatment using LIPUS combined with gel
dimethylsulfoxide (DMSO]J101, 102] Their findings revealed that pinoflammatory cytokines
( TNFULD Ilphosphor JNK, and NF anwgh theweatmentwhichhi bi t e
had been elevated due to muscle injumyaddition,Nakamuraet al.and Chunget al. studied its
potential application in treating synoviassociated inflammatory activity, itlv the results
indicating a significant decline rate regarding cellular proliferation with LIPL0S, 104] These
studies also demonstrated a decrease in celltgramd DNA fragmentation levels (an apoptosis

indicator) I n synovi al membr ane -16el IisNOSt i naunl
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chemokine receptor CCRSkepticism persisted farlong timeregarding the efficacy of LIPUS
in inflammation inhibition,and many researchersuspead thatit merely functioned as a
placebo. However, accumulating evidence has dispelleddihibt and LIPUS now holds

considerable promise for inhibiting inflammation in various medical applications.

Fourth some studies indicate that LIPU®%as shown promise in facilitating nerve
regeneration and treating nerve injurig05, 106] Recently, Haffeyet al. conducted a
systematiaeview, highlighting the potential of LIPUS in nerve regeneration and carpal tunnel
syndrome treatmenfl07]. As early as 2002, Crisci ARt al. found that LIPUS promoterapid
nerve regeneran after neurotomy by improving Schwann cell (SC) activity, generating thick
fibers, and accelerating myelin sheath recov@@8]. In 2011, Tsuanget al. observed that
LIPUS facilitated primary cultured SC proliferation and prevents cell death, even in severe
injuries [109]. Yue et al. demonstrated that adipederived stem cell coculture increased
promyelinationmarkers in SCs, with effects amplified by LIPUS, suggesting its potential as a
mechanical stress inducer in nerve regenerdii@0]. Satoet al. explored the impact of daily
LIPUS exposure on transected inferior alveolar nerves in rats, suggesting LIPUS as an effective
therapy for such injuriefl11]. Then, Jianget al. investigated the influence of different LIPUS
intensities on autograft peripheral nerve regeneration in rats and identified an optimal intensity
for improved outcomegl12]. Although most studies are preclinical, they presépromising
outcomes thahave the potential tbe extrapolated into human studi@ferefore LIPUS is a
promising treatment option for nee injuries but it needs further research to optimize

parameters and protocols.

Last but not least, LIPUS has also demonstrggetential in cancer therapy as an

adjunctive treatment modalitj65]. It assists cancer therapy Bugmenng drug delivery,
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facilitating sonodynamic therapy, modula gene transfection and integrahg with other
therapeutic modalitie5]. Sonodynamic therapy that utilizes ultrasounduced cavitation and
sonosensitizers for generating free radicals destroying rapidly dividing cancer cells is a
promising approach to treating tumor gth [113]. Jin et al. found a substantial inhibition of

77% in the squamous celircinoma’'s murine model by using LIP{US.4]. In addition,LIPUS

has also been explored for enhancing chemotherapeutic agent dgligkyYu et al. observed
ultrasound suppressing cell proliferation in chemoresistant human ovarian cancewittells
chemosensitive cellthat remained unaffectefll16]. Furthermore Li et al. (2013) reported
inhibited tumor growth, angiogenesis, and lymphangiogenesis in human tongue squamous cell
carcinoma when combining scutellarin oral administration afRUS treamment [117]. More
recently studies focused on linking LIPUS and microbubbles, and it has been applied to assist
gene delivery to neoplastic cells. The underlying idea behind this is that the controlled
destruction of DNAloaded microbubble targets in the tumor vascuatith focused ultrasound
generates the local release of genetic materials into the tumor paren@i8ri21]. These
studies suggest thatPUS has the potentiab optimize therapeutic outcomes, mitigate adverse
effects, and amplify the efficacy of established cancer treatments. Nevertheless,humtiaar
studies and clinical trials amequired to comprehensivelynderstandts prospective role and

improveits implementation in cancer therapy.

Over the past few years, significant advancements have been taken in LIPUS research.
Many studiesunderscored its capacity as a riomasive therapeutic modality for tissue
rejuvenation and healing. Nevertheless, realiziaglinical potential still encounters obstacles
such aghe lack ofstandardized treatment protocols and inadequate comprehension of underlying

mechanismsTherefore, future research should prioritize addressing these challenges while also
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exploringhow combining LIPUS with alternative therapies can maximize promigiagapeutic

effectsthrough synergetic effects.

1.4 Contribution and Novelty of This Thesis
The dissertationprimarily contributes to the field of biomedical engineering by
advancing the development and application of portable, -aftesttive, and wearable

technologies fobiomarkerdetection, diagnosis, and treatment

First, in the study on knee injury bioimpedance measants, thelissertatiorpresents a
novel and coseffective technique that demonstrates promisehfeearly detection and ongoing
monitoring of knee injuries. This work not only validatthe feasibility of using a bipolar
electrode configuration for sbh measurementsbut also develogd a highly sensitive

classification model for identifying injured knees based on bioimpedance data.

Second, he electrochemical impedance spectrosc¢RiS) -based POC biomarker
detection studyis introduced as a rapid nhetd to detect atARSCoV-2 IgG in serum
samples.The results showed a clear distinction between negative and positive samples,
presenting a statistical significance with -aglue of 7x10°. Its adaptability for detecting other
biomarkersmakes it a vesatile and powerful tool for the development of efficient diagnostic

tools for a wide range of diseases &edlthconditions.

Third, in developing a portable, leaost EIS system for POC testing, tHissertation
provides a highly precise and efficienobensor platform witkexcellentmeasurement speed and
accuracy. Ths system suppostsimultaneous EIS across eight channels adaptsbio-safelow

excitation amplitudemaking it a valuable contribution to the field of POC diagnostics.
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Fourth, he dissertatiorpresents a LIPUS interface applicatigpecific integrated circuit
(ASIC) chip for miniaturized medical therapeutic device applications. The highly integrated
LIPUS system, which is compatible with magnetic resonance imaging (MRI) environmasts
numerous potential applications in various therapestienariosand offers a competitive

advantage over existing commercial devices due to its compact and affordable design.

Lastly, thein vitro study investigad LIPUS for neural cell growth promotion and
nervous system regeneratidhprovides valuable insights into the potential therapeaftectsof
LIPUS for promoting neuronal growth. The stuelyamined the BDNF, ERK, Akt, and mTOR
signaling pathways in respse to LIPUS treatment. The outcome aklsmphasizes the

importance of optimizing LIPU8ming and amplitud@arameters

In summary,this dissertation represents a significant achievement in the advancement
and practical implementation of portable, weagalsind lowcost biomedical devices. Through
exploring novel techniques for biomarker detection, diagnosis, and treatment of diverse medical
conditions, these studies present contributions to the scientific community. The findings also

pave a pathway for fure research and development in this area.

1.5 Thesis Outline

This dissertationis structured into seven chapters, comprehensively presenting my
research progress in the fields of bioimpedance and LIPUS. Chapter 1 provides an overview of
the background ahcurrent research advancements relatdddionpedance and LIPU&hapter
2 explores the feasibility of using a bipolar electrode configuration for knee bioimpedance
measurements and investigates the relationship between bioimpedance and knee injuries.

Chapter 3 introduces an Elsased method for detectirige ant-SARSCoV-2 IgG antibody in
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serum samples utilizingnterdigitated micreelectrode(IDE) biosensors. Chapter gresentsa
portable, lowcost EIS system specifically designed for POC applications, showcasing
exceptional accuracy and precision in biosample measurements. Chaptedtcesa LIPUS
interface ASIC chip, specifically engineered for portable medical therapgedevChapter 6
examines the effects of LIPUS treatment onI$#SH cells cultured in lovserum conditions

and analyzes the influence wdriousLIPUS parameters on cellular responisastly, Chapter 7
summarizes the aforementioned research findings arlohesutpotential directions for future

work.
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2. Bioimpedance Measurement of Knee Injuries using Bipolar

Electrode Configuration

The content of this chapter has been published in IEEE Transactions on Biomedical
Circuits and Systems 16, no. 5 (2022): 8952 as "Bioimpedance measurement of knee injuries
using bipolar electrode configuration” by Xuanjie Ye, Lexi Wu, Kaining Mao, Yiwei Feng,

Jiajun Li, Lei Ning, and Jie Chen.

2.1 Introduction

2.1.1Knee Injury Diagnosis Methods

Knee injuries,ncluding osteoathritis (OA), ligament disruptions, and meniscal damage,
are the leading cause of clinical consultatiftia2-124]. The prevalence of OA is particularly
high in indiiduals aged 60 years and above with around 10% experiencing this condition
worldwide according to WHO scientific group$25, 126] As life expectancy continues to
increase globally, there is an anticipated risenm dccurrence of OA cases during subsequent
years[126, 127] Physical activities like vigorous exercise have been associated with knee
injuries that commonly lead to injuries like ligament disiops or meniscal damage which has
reached unprecedented levels due to more people integrating these activities into their daily

routineg[122-124].

Diagnostic imaging remains the primary approach for diagnosing knee disorders
presently because of its comprehensive assessmeabilides on structures within the joint
area. MRI stands out amongst other diagnostic methods utilized by clinicians because it boasts
an accuracy rate exceeding over 90% based on various studies conducted ti28]far

Additional diagnostic methodsommonly utilized inclinical practice include Xray and
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ultrasound scand.29, 130] While these imagindpased techniques provide accurate information
about knee conditions, thedemandcostly andbulky medical instrumentas well as skilled
technicians.In certain clinicalpractices knee injury diagnosis may merely involve inquiries
abou a patients’ physical constraints and impairmeit31-133]. This subjective approach,
however, lacks reliability due to its inability to evaluate physiological or pathological alterations
in the knee joint4134]. Furthermore, current diagnostic methdds knee injuries cannot be
easily expanded to thepplications such as lorigrm rehabilitation tracking or early detection.
Therefore the development of &apid noninvasive, and accessible diagnostic tool for knee

disorderss urgent and necessary

2.1.2 Fundamentals of Knee Injury Diagnosis Based on Bioimpedance

Bioimpedance measuremeist a promising and emerging medical technologiich
offers nonrinvasive data acquisition of biological tissues udimg-cost and portable devices.
The current hypothesis suggests thlaygiological and pathological changes occurring during
knee disordersnay result in a decrease in bioimpedance. Synovial fluid, a small volume of
extracellular fluid(ECF)with an eggwhite-like consistency, is present in healthy knee joamd
serves to reduce friction between the articular cartilage during joint mov¢b3&ht However,
the accumulation of synovial fluid may occur in cases of knee disonieisably leading to
synovitis[136]. From aview of bioimpedance, synal fluid, as a type oECF, exhibits higher
conductivity compared to other tissuaghe knee joinf137]. When synoviafluid accumulates
and disperses throughout the knee joint cavity, its bioimpedance decreases due to-a "short
circuit" effect. Furthermore, disruptions cartilage darage may also reduce their resistance to
electrical current. Consequently, the bioimpedan€ an injured knee is expected to be lower

than that of a healthy knee.
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The knee joint is recognized as the most complex joint in the human &®dgpicted in
Figure 21. Its osseous components display a complex anatomical structure that consists of four
distinct bones: femur, tibia, fibula, and patella. The two distal ends of the decoammonly
referred to as lateral and medial condgleorrespond with morphology on top tfe tibial
plateau forming this way an elaborate articular surface for wéiggting purposes. Shock
absorption within such movement relies upon menisci which are semicisti@ped structures
located between these bone surfafi&8]. Positioned ateriorly from this point where both
aforementioned bones converge lies another crucial bone tissuetbalfgtella; known by its
function representing our largest sesamoid (a small round bone embedded inside teRu®nNs).
knee jointhasfour primary Igaments that connect the femur to the tiliag the function to
maintain knee stability. The anterior cruciate ligament (AQigventsexcessive anterior
displacement of the tibia relative to the feniy.contrastthe posterior cruciate ligament (PCL)
restricts the femur from slidingver forward on the tibia.Similarly, the medial collateral
ligament (MCL) and lateral collateral ligament (LCL) function to pre\amormallateral and

medialmovementdetween the femur and tibia39, 140]

Figure 21 The anatomy of a right knee (Figure source: https://www.webmd.com/pain

management/knegain/pictureof-the-knee)
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Bursae are small sacs filled with fluid that play a crucial role in reducing friction between
bones and soft tissues. They contribute to the smooth movement of knee joints by enabling
tendons and muscles to slide freely. The human knee joint containplenblirsae, ashownin
Figure 22(a). Apart from bursae, the synovial membrane generates synovial fluid which
lubricates the knee joint while alsociitating nutrient circulation within it; an average healthy
individual's knees contain around 5 mL of this essential lifldd, 142] As shown inFigure
2.2(b), the knee joint is enveloped by the synovial membdatie largest synovial membrane in

the human body.

Hamstrings Quadriceps

Suprapatellar Bursa

Femur
(Thigh Bone)
Patella

Subcutaneous Prepatellar
Bursa

Semimembranosus y : Deep Infrapatellar Bursa

Ligament

- Subcutaneous Infrapetallar
Bursa
Tibia
Subsatorial Bursa

Knee Bursitis

(a)
Figure 22 (a) the locations of the bursae around the knee joint (source:

https://www.midliferunning.com/knebursitis.html) (b) the synovial membrane of the knee joint

(source: https://lwww.arthritibealth.com/types/joirainatomy/kne@natomy).

Tablel displays dielectric propertinformation about various components present inside
the knee jointThe ECF has been found out having the highest conductivity among all these
entities. The ECF refers here to fluids outside cells like blood plasma, cerebrospinal fluid, etc.,

that have different conductivities ranging across their constituent types: standée, blood
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shows a conductivity of 0.8/m[143], while cerebrospinal fluithas a conductivity 0of.56 S/m

[144]. The exact value concerning the conductivity of synovial fluid remains unknown but is
expected to be alike oth&ICFs. Furthermore, cancellous bone exhibits roughly four times more
significant electrical conductivity than cortical bone because porous structures may provide
increased pathways current may follow through thByncontrast fat and cortical osseous tigsu

show much lower electrical conductivity compared to other tissues in the knee joints.

Tablel Dielectric properties of the components at 100 Kt87, 143145]

Component Conductivity Relgtiy_e
(S/m) Permittivity

Extracellular Fluid (Blood) 0.7 5000
Extracellular Fluid (cerebrospinal fluid) 1.56 1000
Bone(Cancellous) 0.09 600
Bone (Cortical) 0.02 210
Fat 0.04 150

Muscle 0.4 10000

Skin (Dry) 0.0004 1000

Skin(Wet) 0.04 20000
Tendon 0.4 800
Cartilage 0.18 6000

Among fractures in the knee region, patellar fractures are the most prefalenid by
the distal femur and proximal tibia fractur§s46]. Similar to the conductivitydifference
between cancellous and cortical bones, fractured bones If&gentfewer obstacles to
electrical current. The presence avcksin a fractured bonenight provideadditional curent
pathways,which presert as reduced bioimpedanc®ne clinical manifestation of knee joint
fractures is swelling, resulting from blood leakage from the fractured bones into thEL{aint
148]. The spreadof blood within the joint spachasa shoricircuit effect on adjacent tissues,

consequently decreasitige bioimpedance.
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Acute knee injuries, such as sprains and teatheMmenisci, ligaments, and tendons,
usuallyresult in rapid swelling within 24 to 48 hours49]. This kind ofeffusion can be either
bloody or norbloody. Bloody effusionis often associated witHigament tears or cartilage
fractureq150], andsuch svelling potentially occus within hours. A prospective study involving
106 acute hemarthrosis cases revealed that patients diagnosed with acute kneenojudies)
ligament disruptions, meniscal tears, and osteochondral fractuoesd experience swéhg
within 12 hours of injury[151]. Non-bloody fluid, typically caused by ligament sprs or
meniscal tears, exhibits a slowgrogressiorthan bloody fluid and may be observed hours or
evendays after the injuryfFurthermore, eute knee injuries can trigger synovial inflammation,
leading tothe accumulation of synovial fluifil52]. Both bloody and ncbloody fluids display

higher conductivity than osseous tissues and soft tissues in the knee joint.

In chronic knee injuries, such as OA and rheumatoid arthritis, the degree of swelling
varies withdifferentsymptons. The inflammationassociated witl©A can generate excess fluid
within the knee join{153], with fluid volume positively correlating to symptom sevefity}2].
Heilmann et al. found significant differences in synovial fluid volume between human knee
joints with latent OA, activated OA, and a control grpkipee joints with latent OA exhibited a
synovial fluid volume of 13.& 7.4 ml, while those with activated OA had a volume of 24.2 +
16.3 mI[141]. As an autoimmune disorder, rheumatoid arthritis can lead to persistent swelling
due to ongoing inflammatiof154]. Additionally, septic arthritis arises from bacterial, viral, or
fungal infections within the knee joint, with the ensuing inflammatory response also resulting in

fluid accumulatiorf155].

Some studiesnvestigated the effect of knee swelling on bioimpedance following total

knee arthroplasty (TKA)In 2015, Yong-Hua Puaet al. analyzed bioimpedance spectroscopy
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(BIS) dataobtainedfrom 85 patients before surgery and on days 14 and 96spaogtry and

results indicated that the bioimpedance of the TKA knee decreased during swelling development
and increased during recovei56]. In the same year, Claude Pichonmdzal. compared the
percentage difference bioimpedancdetween healthy knees and those that underwent TKA to
track swelling changes. As swelling develodtér thesurgery, thebioimpedance of th& KA
kneesignificantly decreased hey alsofound that BIS exhibited better sensitivity (100%) and
specificity @6%) for diagnosing swelling than volume or circumference measurefiénps
Additionally, Pichonnazt al. assessed the bioimpedance of knees recovering from TKA using
bioelectrical impedance analysis (BIA). The research included 15 patients who had undergone
TKA surgery at least one year before the Inpiedance evaluationThe study found no
significant differences betwedhe recovered TKA group and the healthy control group. This
result impliedthat metallic implants did not affect knee bioimpedance, whiohld returnto

normal levels after recovef$58].

2.13 Current ResearchStatus of Knee Injury Diagnosis Based orBioimpedance

Numerous research groups haveed to study the relationship between knee
bioimpedance and injuries, as well as develop innovative wearable devices for the early detection
and monitoring of knee injuries. Two notable studies in this fieldraoge conducted by Neves

et al.[134] and Herselet al.[159].
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study[159].

Neves et al. investigatedthe differences in knee bioimpedances between healthy
individuals and subjects diagnosed with QI84]. The major outcomehey discovereds that
extracellular resistance and reactaatéhe kneesvould increasas a consequence ©A. They
employed a bipolar electrode configurationobtain localized bioimpedance measuremertie
electrodes were placed on the lateral and medial sides of the knee's interarticular line, as
demonstrated ifrigure 23(a). During the bioimpedance measurement process, -anb06tep
voltage was applied to the subjects' kneas] its current response/as recordedThis current
response data was then used to fit a seeenponent equivalent circuit mddevhich consists of
two resistors and one capacitor that represented the resistance dCEC&nhd the capacitance
of the cellular membrane, respectively. The analysis indicated thaffeéted knees exhibited
higher ECF resistance and greater cellol@mbrane capacitance in comparison to healthy knees
(p < 0.001). However, the study has certain potential limitatibhe impedance measurements
based on step responsee naturally unreliableompared to conventional metho{s50].

Multiple parameter combinatiorfgting resultsmay come withsimilar errors,and no algorithm

23



can search for the optimal fitting result. Furthermore, it lablesvalidation for the proposed

equivalent circuit model as an accurate representation of the knee.

In 2016, Hersek et al. deloped a wearable vector electrical bioimpedance system
specifically designed to assess knee joint hefdl®]. The system functioned by injecting a
sinusoidal curren{50 kHz, 1 mA) into the knee and measuring the voltag®oss it The
electrode placement for this system is illustrateBigure 23(b). The study involved tavgroups
of subjects? patients who had recently experienced acute knee injuries and 42 healthy controls.
This study revealed that injured knees coulddisinguishedrom healthy knees based treir
lower resistance and higher reactance values (p §).0Furthermore, the wearable system
demonstrated a 98.2% accuracy in detecting knee health when subjects mamispeedic
postureduring measurement3.heir proposed wearable system holds significant promise for

POCassessment and monitoring of kne@at health.

2.1.4 Contribution of This Study

The primary objective of this study was to validate the feasibility of utilizing
bioimpedance measurements with a bipolar electrode configuration asimvasive technique
for detecting knednjuries. The Xiyan acupuncture point was selected due to its ease of
identification, ensuring that individuals with minimal anatomical knowledge could locate it
easily. Initially, experiments were conducted to assess the feasibility of the bipolar éectro
configuration in obtainingaccuratebioimpedance measuremertdb the kneesAfter that 45
patients with knee injuries and 45 healthy individuals were then recruited to obtain bioimpedance
data from their kneesThis step was to explore the relationshigtween knee injuries and
bioimpedanceMachine learning techniques such as Principal Component Analysis (PCA) and

Support Vector Machine (SVM), together with IBM SPSS Statistics 25.0 software, were used in
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analyzing the datfl61, 162] These analyses aimed at identifying potential correlations between
bioimpedance levels and knee injulfter careful evaluation of the daté@6 valid samples were
seleced to investigate the relationship between biocimpedance and knee injuries. The sample
included 39 patients with unilateral knee injuries andh&althy controls The selcontrast
results suggestthat knee injuries led to an average reduction of approgign&% in knee
bioimpedance, which was detectable at 100 kHz (p = 0.0D@). study contributes to the
research on bioimpedanbased technologies féneeinjury detection andeveals the potential

of bipolar electrode configuration

2.2 Materials and Methods

2.2.1 FeasibilityStudy of the Bipolar Electrode Configuration

In this study, we positioned the electrodes on the two Xiyan points of each knee. The
Xiyan points, found in traditional Chinese medical science, are referred to as the "eyes" of the
kneein traditional Chinese culturd hese points are located in the two hollows formed when the
knee is bent, next to both the medial and lateral aspects of the patellar ligament and below the
patella, as illustrated iRigure 24(a) [163]. Thereareno primaryligament or skeletal structures
beneath the Xiyan pointensuring that the injestl current can easily traverse the knee joint
cavity, where effusion most frequently occit§4]. Moreover, the knewvas required tdlex at
90° during the bioimpedance measurement. With this postbee knee joint cavity volume
expands, potentigllincreasing the sensitivity of the injection current to changes within the joint

cavity.
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Figure 24 (a) lllustration of the positions of Xiyan (reproduced frii5]). (b) The placement
of bipolar electrodes on Xiyan in a real test (reproduftedh [166]). (c) Setup for the

bioimpedance measurement (not to scale) (reproduced 1661).

We selected the bipolar electrode configuration (two electrodes) over the tetrapolar
electrode configuration (four electrodes) for knee bioimpedance measurements due to its
simplicity and ability to minimize irrelevant signals when measuring bioimpedance in a small
section of the human bodit34]. Conversely, when the tetrapolar electrode configuration is
improperly applied to an anatomically complex and spherical structure like the knee, it
difficult to determine which part contributes to the measured iemped values due to the
negative sensitivity effedil67-169]. Additionally, the tetrapolar configuiian is suitable for
small impedancesinceit typically requires the injection of a constant current into the objective.
Our preliminary experiments indicated that the knee's bioimpedance could reach millions of
ohms at 100 Hz. Even when injecting a 0.A purrent at a low frequency, the required applied
voltage could reach hundreds of voltdjich is dangerous for human bein@onsequently, we

employed the bipolar electrode configuration in our study.
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However, the bipolar electrode configuration mayrfkienced by external factors, such
as electrodskin impedance, lead inductance, and parasitic capacitance. The primary external
factor, electrodeskin impedance, varies depending on skin type, electrode gel, adhesion degree,
and thermal nois¢l70, 171] Additionally, the electrodekin impedance is affected by the
duration of sticking (DS), referring toow longelectrodeshave stuckon the skin[172]. Lead
inductance and parasitic capacitanénarily depend on the geometric configuration of the
lead, probe, and electrodes, which is extrendfjcult to maintain consistey across all tests.
Thus, it isimportantto examine the impact of these external factors to evaluate the feasibility of

the bipolar electrode configuration.

We employedthreevolunteers withbilateralhealthy knees to investigateetinfluence of
external factors on bioimpedance measurement. Duringngeesuremenprocess, knees were
flexed at 90°to expand the knee joint volume, and two disposable Ag/AgCI electrodes (model
2228 3M Inc., USA) were placed on the two Xiyan points ahelenee, as depicted Figure
24(b). The bioimpedance of both knees was measomed per dayor four consecutive days
The bioimpedance of the keg was scanngdom 100 Hz to 1 MHz using the SEO0 (Biologic
Inc., France) at 1 min, 5 min, 15 min, 30 min, and 60 min DS. A 1.5 V-joep&ak sinusoidal
wave signal was appliegs an excitation sign&br less than 0.1 seconds at each frequency point,
with an effective current below 0.1 mAconforming tothe IEG6060%1 International Medical
Alarm Standard173]. The protection circuits ensured that the output voltage remained within a

safe range for human subjects. The entire setup is displayglire 24(c).

2.2.2 Bioimpedance Measurement of Knee Injuries
After confirming the potential feasibility of the bipolar electrode configuration for knee

bioimpedancemeasurementwe moved onto investigate the impact of knee injuries on
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bioimpedance measurements. This study, which received approval from the local ethical
committee (approval No. 202102356), was conducted at the Sir Run Run Shaw Hospital,

affiliated with the Medical Collegef@hejiang University, China.

The study participants were recruited from visitors to the Sir Run Run Shaw Hospital and
consisted of 45 healthy controls a#fl patients.The researchers confirmed the absence of knee
injuries before including them in the Héay control group In the patient group, each individual
had a unilateralknee injury The injured knees were diagnosed with one of the following
conditionsaccording toguidelines: ACL injury, PCL injury, OA, or menisci lesi¢hi74, 175]
Exclusion criteria for the patient group included: 1) inflexible knee movement; 2) unsuitable skin

conditions for electrode placement; and 3) noticeable swelling or deformity in the knees.

For each participant in both the patient and contrmupgs, knee bioimpedance
measurements were taken using the same setup as in the previous validation study, with
measurementsonductecht 5 minutes DS. This time point was chosen because the bioimpedance
measurements were relatively stable at 5 minutesaB&jt was unlikely to cause skin irritation.

The reasons for the A5 minutes DSoDunmg thd be d
measurement process, all participants were asked to lie on beds, remaining still with their knees

bent at a 90°angleNo discomfortwas reported during the measurements.

Q)

c¥

Since bodycompositionsand structures vary significantly among individuals, comparing

the bioimpedance of both knees for the same individual provides meamimgful data.
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Therefore, we calculated the relative differences in bioimpedance betweerotkieees of each
subjectto analyze the relationship between bioimpedance and injuries. The relative differences

were expressed ikquations 2.1 and 2.2, where and are the relative differences in

bioimpedance between the two knees of patients and healthy controfs, a@ndo, & are the
bioimpedances measured from injured, healthy, left, and right knees, respe&assy. orthe

resultsfrom the previous feasibility validation study, a sample would be rejected ibr

was larger than 100% or smaller theés0% at 100 H or 1 MHz, indicating a significant
differencein the influence of external factors beewethe two measurements. Consequently, the

total valid sample comprise9 patients and 37 healthy controls.

The differences in gender distribution between the patemd control groupsvere
assessed using the Pearson-€thiare testThe KolmogorovSmirnov test was utilizedo
evaluate thalifferencesin age, weight, height, and body mass index (BNH)this study, the
patient group was ndtirther divided into sub@upsbased on knee symptornecaus¢he aim is
to establish a correlation between bioimpedance and knee injuries as a whole. IBM SPSS

Statistics 25.0 software was used to conduct -tiestt which facilitated the comparison of
and distributions PCA and support vector machine SVM algorithms were implemetated

classify the two groupsThe classification outcomes were then assessed using theoleawet

crossvalidation (LOOCV) method.

2.3 Results

2.3.1 FeasibilityStudy of the Bipolar Electrode Configuration
The bioimpedance measurements takendifferent DS intervals revealed that the

decrease in the measured bioimpedance values becansggl@fisantafter 5 mins DSFigure
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25 illustrates the reduction percentages of the measured bioimpedance across different DS
segments. The reduction percentage is defined as the decrease in bioimpedance measured at a
specific DSsegment. For instance, the reduction percentage from x min DS to y mins DS is
expressed usingquation 2.3, whereins and Zmins represent the bioimpedances measured at

mins andy mins DS, respectively. The measured bioimpedance decreased by aptelyxt¥a

to 10% on average from 1 min DS to 5 mins DScadntrast the reduction percentages in the
remaining DS segments were within 5% for the frequency range from 46.4 kHz to 215 kHz,
which exhibited nearero reduction percentages with relatively srathdard deviations. These
results suggest that the measured bioimpedances are likely to be relatively stable when DS
reaches 5 mins. Additionally, the bioimpedances measured at 464 kHz and 1 MHz appeared to
be unrelated tthe DS. The reduction percentegat 464 kHz and 1 MHz exhibited notably large

standard deviations (20%) across all DS segments, while their averages fluctuated around zero.
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Figure 25 The mean and standard deviation of bioimpedance reduction percentages across

various DS segments over a frequency range of 100 Hz to 1 MHz (reproducdd66im

30



= (A) Healthy Individual 1
S 100 :
2 -0 leftdayl —-©--lcft day3 o
= 49 ——right dayl —+—right day3 k3
A, —O—-leftday2 —-©—-left day4 g
S —+—right day2 —+—right day4 =
= =
= 60 T=Ele. =)
1 4z
% ® 2 5
§ 40 1 I 1 1 1 I | | O I 1 1 i | s A
as) 100 215 464 1k 2.15k 4.64k 10k 2]_5k:4().4k 100k 215k 464k 1 M: 40.4k 100k 213k 4dodk 1M
Frequency(Hz) ~~~~~~~~~ " "°°7° Frequency(Hz)
= (B) Healthy Individual 2
S 100
& -0 left dayl —-©—-Icfi day3 =
E - —4—right dayl —+—right day3 T
&l = —©O—-leftday2 —-O—-left day4 £
8 —+—right day2 —+—right day4 3
= f=
= 60fp —  Omy, =)
1 o)
E 40 1 1 1 L 1 | L 1 1 1 1 1 1 L1 00 i L L H
s 100 215 464 1k 2.15k 4.64k 10k 2].5k:46.4k 100k 215k 464k 1 M: 46.4k 100k 215k 464k 1M

Frequency(Hz) Frequency(Hz)

(C) Healthy Individual 3

100 400q
-0 leftdayl —-©—-lcft day3 o &

—+—right dayl —+—right day3 ?j
—©—-leftday2 —-©—-left day4 g
—+—right day2 —+—right day4 '@
=

S

as]

80

60

40 1 1 1 L 1 | L | 1 I I I 250 5
100 215 464 1k 2.153k 4.64k 10k 2L5k:4().4k 100k 215k 464k 1M 46.4k 100k 215k 464k 1M

Frequency(Hz) Frequency(Hz)

Bioimpedance(20*log(2))

Figure 26 Bioimpedance measurements of left and right knees for three healthy individuals
taken at Bminute DS on four consecutive days, presented across a frequency range of 100 Hz to

1 MHz. (reproduced frorfi166]).

Similar observationgan also bdound from the bioimpedances of the knees of three
healthy individuals measured at 5 min DS over four days, as depictgdure 26. The eight
sets of bioimpedance data measured for the same individual varied considerably in-the low
frequency range. For instance, for healthy individual 1, the bioimpedance of the left knee
measured on day 1 was approximately five times that of the rigiet keasured on day 2 at 100
Hz. However, such variations were considerably smaller in thetavhidgh frequency rangen

the frequency range frod6.4 kHz to 215 kHz, although the bioimpedance of the same subject

31



fluctuated up or down by up to 5 across different days, most of the differences in the
bioimpedance of the two knees of the same individual measured on the same day were less than
10 q. Furthermore, the bioimpedances in some datasets became irreguiandedo increase

from 215 kHz tol MHz, which would only occur when the inductive reactance dominates the
overall bioimpedance. This finding highlights the need for careful consideration of frequency

ranges and external factors when analyzing bioimpedance data.

2.3.2 Bioimpedance Measument of Knee Injuries

Tablell Anthropometric characteristics of the patient group and the control group

Patler_lt Group Contrgl Group Asymptotic
n=45 n=37 Significancé
Means (SD) Means (SD)

Age (years) 48.56 (17.46) 44.24 (14.61) 0.311
Height (cm) 166.43 (8.88) 168.81 (8.83) 0.395
Weight (kg) 64.93 (11.61) 68.67 (13.78) 0.384
BMI (kg/m?) 23.44 (3.94) 23.91 (2.94) 0.445
Sex(male/female) 22/23 24/13 0.147

gAsymptotic significances of age, height, weight, and BMeére calculated using the
Kolmogorov+Smirnov test; The asymptotic significance of sex was calculated using the Pearson
Chi-square test.

Table Il showsthe basic anthropometric characteristics of the patient group and the
control group, including age, height, weight, BMI, and sex rdtie KolmogorowSmirnov test

and the Pearson CGhguare testesults suggest that therenig significant differencebserved in

the anthropometric characteristics between the two groups.

The ttest results for and at various frequencies are presentedTable IlI.
Figure 27 illustrates the distribution of and against frequency using xjplots. Samples

were excluded if any data was missing or if the measured bioimpedance of one knee was more

than twice that of the other at frequencies below 10 kHz or above 464 kHz. The reasons for this
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exclusion will be explained in the discussion sectibime remaining valid samples for analysis

included 37 healthgontrolsand 39 patients.

Tablelll T-test results of and at different frequencies

t-test for Equality oMeans Levene's

Patient Group ~ Control Group (Equal variances not assumed) Test for

n=39 n=37 Equality of

Frequency| 95% CI Vlrian{es

Means(SD) Means(SD) ?;?Ieg; Nllg?;n Lower Upper Sig.
1MHz | -6.17%(16.23%)| 1.3®5(13.23%)| 0.0231 | -7.54% | -14.01% | -1.06% 0.620
464 kHz | -4.67%(13.30%)| 2.17%(12.87%) 0.0208 | -6.84% | -12.62% | -1.07% 0.770
215kHz | -5.51%(6.92%) | -0.55%(6.49%)| 0.0013 | -4.96% | -7.92% | -2.01% 0.630
100kHz | -4.86%(6.30%) | -0.22%(4.66%)| 0.0003 | -4.64% | -7.05% | -2.22% 0.072
46.4 kHz | -3.92%(7.20%) | 0.32%(4.64%)| 0.0019 | -4.24% | -6.86% | -1.61% 0.028
21.5kHz | -2.50%(9.12%) | 0.92%(6.18%)| 0.0474 | -3.42% | -6.80% | -0.04% 0.110
10 kHz | -1.11%(10.88%)| 1.33%(7.58%)| 0.2366 | -2.44% | -6.51% | 1.63% 0.125
4.64 kHz | -0.55%(11.91%)| 1.50%(8.36%)| 0.3644 | -2.05% | -6.52% | 2.42% 0.136
2.15kHz | -0.16%(12.64%)| 1.47%(8.91%)| 0.4949 | -1.64% | -6.39% | 3.11% 0.135
1kHz | 0.029%(13.52%)| 1.25%(9.59%)| 0.6319 | -1.23% | -6.32% | 3.86% 0.127
464 Hz | 0.25%(14.84%)| 0.91%(10.69%) 0.8175 | -0.65% | -6.28% | 4.97% 0.133
215Hz | 0.44%(16.76%)| 0.52%(12.64%) 0.9821 | -0.07% | -6.54% | 6.40% 0.186
100 Hz | 0.54%(19.96%)| 0.10%(16.29%) 0.9118 | 0.044% | -7.52% | 8.41% 0.352
The most noteworthy findings are the statistically significant differences between
and at 46.4 kHz, 100 kHz, and 215 kHz, whéehe p-values are approximately 0.001. At

these three frequencies, the averageis around 5%, while the average is close to zero.

Therefore 46.4 kHz, 100 kHz, and 215 kHz aelectedas significant frequency sampling points
(SFSPs) in the subsequent discussion. In conthast isno statistically significant difference at

frequencies from 100 Hz to 10 kHz, where both and have mean values near zero.

Moreover, the statistal significance between the two groups increases as the frequency rises
from 100 Hz to 100 kHz but decreases as the frequency further increases from 100 kHz to 1

MHz. Additionally, the standard deviations for the patient group are larger than those of the
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control group at all frequencies, with relatively large values observed at frequente&Hz
andl 464 kHz. The tests for equality of variances suggest that thengasidor the two groups

may not be equal at 46.4 kHz.
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Figure 27 Box plots ofthe relative bioimpedance differences and at all frequency

nodes, where the abbreviation SFSP(s) denotes significant frequency sampling point(s)

(reproduced fronj166]).

and at the three SFSPs were utilized featuresn the machine learning

process. Using PCA, two principal components (PCs) wlerezed from the dlimensional
features. Subsequently, the SVM classified the patient and healthy control groups based on the
two PCs.Figure 28 presents the visualized results of the PCA and the SVM predictor trained
with all 76 valid samples. In the LOOCYV used to evaluate the SVM classification re3utisit

of 39 patients and 2out of 37 healthy controls were accurately classified. As dtyésa SVM

classification achieved a detection sensitivity36f18% and a specificity 072.97®%6.
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along with the predictor created ngiSVM in the 2D planéeproduced fronjl66]).

2.4 Discussion

2.4.1 Implications fromthe Feasibility Study of Bipolar Electrode Configuration

Based on the experiment results, we propose a simplifiedefemrent equivalent circuit
to presenttie influenceof primary external factors on measured bioimpedance, as depicted in
Figure 29(a). An increase in the duration of skin preparation, i.e. B&jld reduce both the
resistive component gg) and the capacitive componente{Cby facilitating tighter contact
between the electrode gel and the skin cuticle. However, this effect on bioimpedance
measurements at highequencyover 10 kHz will level & after 5 minutes of DS. The
substantial decrease in bioimpedance over time, eventually plateauing, can be attributed to a

more stable and closer contact between the electrode gel and the skin.
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Figure 29 Equivalent circuit model in bioimpedance measurement: (a) Equivalent circuit model,
and (b) Evolution of primary equivalent circuit elements representing external factors across a

frequency range from low (DC) to high (>1MHBoth were reproduced frofi66].

At approximately 100 kHz, & can beroughly equal toshortcircuit, effectively
minimizing the overall impact of electrod&in impedance. Consequently, bioimpedance
measurements at around 100 kHz exhibited minimal variation across different days or DS
durations. Nevertheless, the inductance of leads anttadeskin impedancean notbeignored
when the frequency approaches the MHz lejé7]. This could potentially explainhé
occasional higher measured bioimpedance at 1 MHz compared to 464 kHz, and the irregular

bioimpedance values at 464 kHz and 1 Midth increasing DS.

Building upon the tweaesistor model proposed by Searle and Kiflip6], this model
further elucidates the effects skin-electrode in the higfrequency range. The simplified
models inFigure 29(b) provide a concise representation of how the effective components of
external factors vary with frequency. This model implies that variations caused by external
factors can be minimized at around 100 kHz with DS duratager tharb minutes. Moreover,

the model suggests that impedance measurements at low (< 10 kHzjghn@ 00 kHz)
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frequencies could indicate whether external factor influences are consistent between

measurements, offering a method for identifying egjectinginvalid samples

During data analysis, the relative differences in bioimpedance betivedwo knees of
each individual were calculated to investigate the relationship between bioimpedance and
injuries, dso known as seltontrast. To further enhance the significance elf-sontrast, it is
importantto ensure that the influences of external factors are similar in the bioimpedance
measurements of the same individual's two knees. As a result, samples were discarded if the
measured bioimpedance of one knee exceeded twiceathe of the other knee at low (< 10

kHz) and high (> 400 kHz) frequencies.

In summary, this study presents an extended modeletttinsfor the influence of
primary external factors on measured bioimpedance, suggesting that variations caused by these
factors can be minimized at around 100 kHz with DS durations greater than 5 minutes. The
model also provides a method for determining the consistency of external factor influences
between measurements, which can help identify and remove invalid dataapfh®@ach is
valuable in enhancing the significance of smihtrast when investigating the relationship

between bioimpedance and injuries.

2.42 Detection of Knee Injuries Based orthe Bioimpedance

The selfcontrast results obtained from the patient grand the healthy control group
align with the theoretical predictionsbout the impact of knee injuries on biocimpedance.
Common knee injuries, such as OA, ligament ruptures, and meniscal lesions, typically involve
the accumulation of effusion and damagestdt or hard tissues. The presence of effusion

facilitates a conductive path for electrical current, while tissue damage decreases resistance
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[159]. These tissudevel alterations within the knee can be reflected in changes to its electrical

properties.

In the data analysis, the bioimpedance of the injured knee was found to be approximately
5% lower than that of the healthy knee in the patient group at the selected SFSPs. Since the
knees of the same individual shahe samegeneticsand grow under idergal conditions, the
healthy knee can be considered a healthy duplicate of the injuredMeaewhile, therelative
bioimpedance differences in the healthy control group were close to zero for all sampling

frequencies.Therefore, he values approachg zero suggest that the 5% bioimpedance
reduction observed in the was primarily due to knee injuries. These findings also support the

conclusiongdrawn from the feasibility study.

The bioimpedances measured at the three SFSPs demonstrated redatalelariances,
corresponding to the frequency range that minimizes the influence of external factors in the
proposed model. Additionallyt, is notable thathe variance in the patient grouasgreater than
that in the control group. For the control gpo the two healthy knees of the same individual
were anatomically similar, indicating that their intrinsic bioimpedances should be nearly
identical. Thus, the variancef primarily resulted from external factors. In contrast, the
measured bioimpedaes of the patient group were influenced by internal factors as well,

including the severity and types of knee injuries. Consequently, the var@nces were larger

than those of  atall frequencies.

The knee injury classifier exhibited a senstyivof 87.18%, but its specificity was only
72.9P%. Although the distributions of the two groups' PCs were distinguishable in the 2D plane,

the significant overlap of the two clusters made separating the groups challenging. This overlap
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was attributed to the considerable varianesulting from externalfactors. The meanef
were almost equal to the standard deviations of at the SFSPs, meaning that the average

reduction in bioimpedance due to knee injuries was comparable to the measured bioimpedance
error resulting from external factors. To ackebetter sensitivity and specificity, future work

should aim to further minimize the influence of external factors.

Despite these challenges, bioimpedance measurement remains a promising technique for
early diagnosis of knee injuries and rgale monitomg of postoperative rehabilitation due to its
low cost, portability, and accessibility. For instand@nget al. developed a portable system
capable of completing bioimpedance measurements from 100 Hz to 500 kHz within one second
with an error of lesshan 2.5%, at a total cost of only $4577]. In adition to lowcost
bioimpedance measurement systems, several research drauvpdsried to create reusable
electrodes made from materials such as metal, carbonized rubber, or {éx@d81]. These
reusable electrodes do not require electrolytes or adhesives, thus avoiding skin irritation
problems associated with adhesive electrdd@2]. With the support of affordable portable
bioimpedance measurement systems and reusablestickn eletrodes, bioimpedance
measurement technology is expected to become moreftestive and convenient in the future.
Moreover, integrating this technology into wearable devices could enabiesttiene collection
of bioimpedance data from the knee, whaduld then be transmitted to physicians for further

consultation and analysis.

2.5 Conclusion

In this study, we evaluated the feasibility of usthgbipolar electrode configuration for
knee bioimpedance measurements and explored the relationship between bioimpedance and knee

injuries. Our feasibility study demonstrated that measurement eaasedoy external factors
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could be minimized at approxiney 100 kHz with a > 5 min DS, while bioimpedance
measurements at other frequencies may reveal the consistency of external factor influences
amongmeasurementslhe selfcontrast results revealed that knee injuries contribute to a 5%
decrease in bioimpedamon averageUtilizing PCA and SVM forthe binary classification of
samples based on knee bioimpedance at the SFSPs, the classifier achieved a sensitivity of
87.18%. In conclusion, our findings suggest that the portable andetfestive bioimpedance
measurement technique holds promise for the early detection and ongoing monitoring of knee

injuries, paving the way for future research and development in this area.
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3. Electrochemical |mpedance Spectroscopy Based Point-of-care

Biomarker Detection A Case Sudy on SARSCoV-2 Detection

The content of this chapter has been published in in Biosensors and Bioelectronics: X 13
(2023): 100301 as "A portable, legost and higithroughput electrochemical impedance
spectroscopy device for poiof-care biomarker detéion" by Xuanjie Ye, Tianxiang Jiang,

Yuhao Ma, Daniel To, Shuren Wang, and Jie Chen.

3.1 Introduction

In recent years, with the improvement of people's living standards, the demand for
personalized healthcare has been growing, and the CQYiandemic has further promoted
this trend[183]. Conventional diagnostic techniques, which often require theotisemplex
instruments and skilled professionals, present challenges in meeting this growing demand. As
such, POC diagnostics have become the preferred solution for personalized healthcare as it
eliminates the need for specialized laboratory personndiaaiiies while providing accessible
diagnostic servicep3]. To effectively implement POC diagnostidsis crucial todevel@ low-
cost, portable devices that offer rapid, accurate, and efficient detectamalgsis of biomarkers
[3, 184, 185] Over the pst few yearsmany research groups have focused on creating
miniaturized bioanalytical devices for POC applicatigh86-189]. These devices have the
potential to revolutionize healthcare delivery througharly detection, monitoringand
management of various diseases, thereby improving patient outcomes and reducing the overall

burden on the healthcare system.

The labon-chip (LOC) technique habecomeone of the most effective and practical

approaches tochieving miniaturized POC devicg$90]. Since the 1990s, advancements in
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electrical engineering anieitegrated circuits (ICs) haverovidedthe foundation for the LOC
technique. LOC biosensors, whidmave advantages imapid response times, portability,
automation, high throughput, minimal reagent usage, andctmiv fabrication, have found
widespread se in various biomedical research applicatida90]. Utilizing micro- and
nanofabrication techniques, IDitasemerged as a promising electrochemical biosensing LOC
platform, offering enhanced sensing capabilities due to their microscale fedl@s
Electrodes fabricated from biocompatible materials, such as gold, allow for surface
characteristics that facilitate the detection of bacteria through the immobilization of targeted
antibodies[192]. Moreover, the incorporation of nanoparticles enables -fabel methods for
concentrating and immobilizing biomolecules, further expanding the utility of these devices

[193].

In recent years, research on the optimization of electrode geometry design has received
increasing attentionThe signaito-noise ratio (SNR), which quantifies the strength of a signal
relaive to background noise, can be improved by-fun@ng the gap betwedhe electrodes to
fit specific bacterial sizegl94]. Another approach to improve the efficiency and impedance
sensitivity of these biosensors involves manipulating the ratio between electrode width and gap
size [195, 196] Despie these advances, a limitation of current systems is that accurate
impedance measurements typically rely on relatively bulky, expensive commercial instruments
with complex interfacesHowever, the continued development of electronic miniaturization
offersa potential solution to make impedastzased biosensors portable and enabisienPOC
detection.Therefore, IDEbased biosensors hold significant promise in both commercial and
research applications, providing ré@he, automated, and highroughput tsting at low cost

[197-199] By addressing the existing limitations and continuing to refine th@se platforms
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researchers camchieve their full potential in revolutionizing personalized healthcare and

diagnostic§200].
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Figure 31 Overall representation of the proposed HBised method for biomarker detection

utilizing an IDE chip(reproduced fronf201]).

In this study, we proposiean EISbased method for biomarker detection utilizing an IDE
chip. This approach is specificallgesignedto fulfill the portability requirements of POC
biomarker detectionThe overall representation of this method, which highlights the key
materials and processes involved, is illustrated figure 31. The IDE chip is a critical
component of this approach, consisting of two distinct microelectrode array strips with an
interdigitated structure that functions as the biosensor for detecting bieasaljtegeometry

of these IDE chips, which includes the dimensions of the electrode width and gap, significantly
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affects their performandd 94, 202] To optimize the performance of the IDE chips, our study
carefully selected an electrode width of 4 yn and an electrode gap of Hasal on our
experimental test result§his configuration balances various factors such as yield, process,
voltage, temperature (PVT) variation, and sensitivity to ensure good performance over a range of
conditions. When developing the impedanaeeasurement circuit design, we paid special
attention to the amplitude of the excitation sigr&}. controlling the amplitude to eelatively

low level of 10 mV, the electrodesan be protectedfom electrical breakdownand it also
minimizes thermal effets on the biosampleas well asmaintairs impedance linearity. This
careful control of the excitation signal amplitude is essemtiainaintain the accuracy and

reliability of the detection203].

We chose SARE0V-2 detection as a case study to evaluate the effectiveness of this
ElS-based biomarker detection methddetecting the presence of a®ARSCoV-2 IgG in
serum samples is a crucial step in identifying individuals who may have been exposed to the
virus. This choice allows us to evaluate the performance of the proposed methodaiworld
demand caseln the SARSCoV-2 detection experiments, we employed gold nanoparticles
(GNPs) conjugated with protein G (GMN® as secondary antibody probekere, the role of the
GNPs is toenhance the influence of biomolecules on the dielectric properties of IDEshyther
increasing the sensitivity of the detection metfa@4]. Our experimental results demonstrated
statistical significancat 10 kHz (p = 7x1&), suggesting that the EiSased method using IDE
chips holds promise for POC biomarker detection in a variety of applicatdori kHz, the
impedance magnitude alteration caused by the -GN#® the positive groups ranged from 11%
to 55%, while that of the negative groups ranged from 2% to 8%. These results further highlight

the effectiveness and sensitivity of the proposed method.
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3.2 Materials and Methods

3.2.1 Detection Principles

I. S protein immobilization
II. Serum incubation
I11. GNP-G binding

® SARS-CoV-2 S protein
A Anti-SARS-CoV-2 IgG
© GNP

® Protein G

Figure 32 The mechanism of aRBARSCoV-2 IgG detection in serum samples using the IDE

chip (reproduced frorf201]).

The fundamental principle of detecting aBARS CoV-2 IgG in serum using the IDE
chip isto useGNP-G as the secondary antibody probesultingin changes irthe impedance
properties of the IDE chip, as illustrated kigure 32. Initially, SARSCoV-2 S proteins are
immobilized onto the IDE chipsing surface bemistry techniques. Subsequently, each well of
the IDE chip is incubated with a 4 1L serum sample, diluted tenfold with 0.2% polyvinyl alcohol
(PVA) in PBS, for 1 hour at 37€C to introduce a¥SIARSCoV-2 IgG antibodies After serum
incubation, the IDE dp is washed three times with 0.05% PBST (PBS containing 0.05%
Tween20). The IDE chip is then incubated with a GRPsolution in PBS for 1 hour at room
temperature in the dark to facilitate conjugation between-GNihd IgGantibodies After the
GNP-G inaubation, the IDE chip is rinsed three times with M@liwater. EIS measurements are
performed before and after GNF incubation, with the IDE wells immersed in 60 L of PBS

(10 pM/L, pH 7.4) during the EIS process. For positive serum samples, the imgedative
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IDE is altered by the presence of GI& In contrast, for negative serum samples, the impedance

of the IDE remains unchanged since neither IgG nor-GN®introduced to the surface.

3.22 Materials

Trisodium citrate dihydrate, odd (Ill) chloride trihydrate solution, ¥0 phosphate
buffered saline (PBS, pH 7.4@-Morpholinoethanesulfonicacid monohydrate (MES),(3-
Aminopropyl) triethoxysilane (APTES)Polyethylene glycol(PEG) 2-mercapto ethyl ether
acetic acid (Mn 1000),N-(3-(dimethylamno)propyl}N'-ethyl carbodiimide hydrochloride
(EDC), andN-Hydroxysuccinimide (98% NHSWyere obtained from Sigmaldrich. Polyvinyl
alcohol, 9899% hydrolyzed, was sourced from Alfa Aesar. The S protein was supplied by the
National Centre for Foreign Aniah Disease, Canadian Food Inspection Agdi¢ynnipeg, MB,
Canada Recombinant protein G was procured from ThermoFisher Scientific (catalog number
101201). The Public Health Laboratory (Alberta Precision Laboraj@&gaonton, AB, Canada
provided the psitive and negative serum samples of &fRSCoV-2 antibodies used in this

study.

3.23 IDE Chip Design and Manufacture

The IDE biosensor used in this study features erghvidual sensing regions, all sharing
a common ground connection, gepicted inFigure 33. Each sensing region measures 3.3 xim
3.3 mm, and electrodes within the region skardentical dimensions. In our desigthe
electrodeshavea width of 4 pmand a gap ob un. This narrow separation between electrode
pairswaschosen to enhance detection accuracy, as demonstrated in sensitivity simulétions
variedelectrode dimensions, which have been detailed in previadesf205]. Consideringhe
need to strike a balance between yield and fabrication cosedeptedhe lift-off technique to

create the IDE sensor. The electrose=e composed of a Cr/Au bilayer with a thickness of

46



10/60 nm. A 10 nm Cr layer sed/as an adhesion layer between the glass subsindthe Au
layer, while the 66hm Au layer contributéto a highelyield during the fabrication process. This
carefully considered design ensdir@a balance between precision and eeléectiveness,

enhancing the overall performance of the IDE biosensor.

IDE chip

IDE under microscope

Au electrodes ——

Figure 33 IDE biosensor and its micgoaph (reproduced frofi201]).

The fabricatiorprocess of the IDE biosensor is explained as follows. HrstBorofloat
glass wafer underwent a thorough cleaning process using piranha solution to eliminate organic
particles and other impurities. Following this, a single layer of HDMS was depositambst
adhesion between the wafer surface and the photoresist. Subsequently, a bilayer photoresist
composed of LOR 5B and AZ 1512 was spoated onto the wafer's surface. Next, the
photoresist was exposed to UV light through a photomask at an inteh$@9 onJ/cm2The AZ
1512 photoresist was initially developed using a 1:1 AZ developer solution, followed by the
development of LOR 5B photoresist in a 1:1 mixture of-84® developer and water. A Cr/Au

bilayer was then deposited vicbeam evaporatiort.he metals, along with the photoresist, were
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removed and left to soak in a PG remover solution overnight. Excess metals were subsequently
rinsed off with acetone, isopropyl alcohol (IPA), and water. An additional layer of AZ 1512
photoresist was spiooatel onto the wafer's surface prior to the dicing process. Finally, acetone,
IPA, and water were employed to strip the remaining photoresist, yielding a clean, precisely

fabricated IDE sensor.

3.2.4 Surface Functionalization of S Protein

The IDE chipsunderwent a thorough cleaning process in acetone, isopropanol, and Milli
Q water using sonication to eliminate organic residues. Following this, an oxygen descum was
performed for further cleaning using the Trion Phantom Reactive lon Etching (RIE) System
(setting parameters: 98%,0150 mT pressure, 150 W RF, 120 seconds). The IDE electrode
surface was then incubated in APTES for two minutes, after which the APTES was washed off
by immersing the chip in ethanol and applying sonication. A Polydimethylsgéo@bMS)
cover was subsequently bonded to the IDE chip's surface to delineate each unit under the buffer.
After that, he SARSCoV-2 S protein in a 1xPBS solution (0.1 mg/ml, pH 7.4) was incubated
in the EDC/NHS solution (4 mg EDC and 22 mg NHS in 1 mL@fmM MES buffer) for 15
minutes. The S protein solution was then added to each well and incubated for 1 hour at 37C.
The wells were subsequently washed with 2% PBST and 1x PBS solution and incubated in a

0.2% PVA solution (PBS, pH 7.4) at room temperatovernight.

3.2.5 Formation of GNP

A 50 ml solution containing 1 mM gold (l11) chloride trihydrate was prepared in a-three
neck rounebottom flask, which was equipped with a magnetic stirrer and a condenser column.
The solution was heated to its boilipgint with an oil bath. Subsequently, 5 ml of 38.8 mM

trisodium citrate dihydrate was introduced through an alternate neck of thebotioch flask.
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Once the solutiorrhanged taa dark winered color, reflux and stirring were sustained for an
additional B minutes. After this period, the flask was removed from the oil bath and allowed to
return to room temperature, with stirring persisting throughout the cooling process. Finally, the

solution was filteredisinga 0.45 pm syringe filter and stored at 4C oharkness

3.2.6 SurfaceCharacterization of GNP

A 5 ml PEG solution was prepared by combining 0.605 pM PEG methyl ether thiol (Mn
1000) and 0.605 M MUA. This PEG solution was added dropwise to 5 ml of 13.3 nM GNP
solution, followed by overnight stirring to facilitate the functionalization of GNPs.sbhgion
was then centrifuged at 13,000 g and 4€ for 20 minutes, with the resulting pellet resuspended in
Milli -Q water. This centrifugation and resuspension process was repeated until an optical density
of 50 was achieved,which was measured usingthe Evolution 60S U\WVisible
Spectrophotometer (Thermo Fisher Scientific, MA, United States). An EDC/NHS solution was
prepared by dissolving 30 mg EDC and 36 mg NHS in 1 ml of 10 mM MES buffer.
Subsequently,he GNP solution and the EDC/NHS solution wen&ed at a 1:1 ratio and
incubated for 30 minutes at room temperature. Following incubation, the mixture was
centrifuged at 13,000 g for 1 hour at 4C to obtain the concentrated GNP solution. Next, 40 L
of 1 mg/ml protein G solution was mixed with the GNP solutunder sonicationThen, the
resulting mixture was incubated on a shaker at room temperature for 3 hours. The solution was
then vortexed with 1 ml of 0.05% PBST and centrifuged at 13,000 g and 4€ for 1 hour. After
removingthe supernatant, the pellet sveesuspended in 200 L of 1xPBS. The prepared GNP

G solution should be stored at 4C in darkness.

3.2.7Verification of IgG Antibody Interaction with the SARS -CoV-2 Spike Protein
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Figure 34 Fluorescencenicroscopyimages of IDEchips: (a)control withoutserumexposure,
(b) incubated with SARE0V-2 positive serum sample, and (c)ncubated with SARE0V-2

negativeserumsample (reproduced frof201]).

In the preliminary experiments, fluorescdsibeled secondary antibodies targeting-anti
SARSCoV-2 IgG (AlexaantilgG) were utilized to verify the specific binding between 1gG and
the S protein. Following S proteimmobilization the IDE chips were incubated with the
fluorophorelabeled secondary antibodies under three conditions: without serum exposure, with a
positive serum sample, and with a negative serum sample, and the results were illustrated in
Figure 34. Fluorescence images were captured ughegChemiDoc MP Imaging System.
Without serum exposure, the fluorophdedeled secondary antibodies did not exhibit specific
binding, resulting in negligible fluorescence detection on the chip. However, upon incubation
with the positive serum sample, specific binding to the fluoropladreledsecondary antibodies
could beobserved throughout the gaps between the electrodes. Conversely, the IDE chip
exposed to the negative serum sample displayed only a few instances of nonspecific binding and

minimal fluorescence detection. These findings sniste that the S protein immobilized on
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the IDE chip can selectively interact with the @RS CoV-2 IgG present in the positive

serum sample.

3.3 Resuls and Discussion
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Figure 35 | pZ | bet ween ser um ding stepdfartposiive ana mejatve NP b

samples across a frequency range of 10 Hz to 1 MHz (N = 12) (reproduce@®bjin

EIS was employed as a method for the analysis of both serum incubation ar@ GNP

binding steps in 12 positive and 12 negative samglbs. efficiency evaluationof the IDE

biosensor in detecting the presence of -8&RSCoV-2 IgG antibodiesis based on #
comparison of the relative differefheesulisi n i mp
illustrated inFigure 35, wherethe statistical significaoe can beobserved across a frequency

range from 1 kHz to 1 MHzwith the highest level ofstatistical significancet 10 kHz(p =

7x10). At this specific fequency pointglZ| of the positive group varies considerably, ranging

from 11% to 55%. In contrast, the negative group exhibits a much narrowerframg2% to

8%. The positive and negative samplesan be separated fyvaleenopl oyi n
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10%. These findings are in line with the theoretical expectation that the use of GNPs can
effectively amplify the changes in dielectric properties caused by the presence of biosamples

[205].

The observed high statistical significance can be partly attributed to the small standard
deviation of the negative group (1.7%). This is due to the fact that variations in impedance
change within different positive tests are inevitable, givervdrations happenn the steps of
immobilization of S protein,incubation ofserumsamples, and GNB binding Conversely, the
variance within the negative sample group primarily arises from minor reagent residues on the
IDE chip during serum incubation and GIBPbinding. Similar results have been observed in
other research studies as wglD6]. However, our studybtained better results compared to
previous work by employing IDE chips with an electrode width gim and an electrode
spacing of 5um. By adopting aelatively larger electrode spacing, the impact of PVT variation
on the IDE chip differences can be effectively mitigated. Although this may result in a slight
reduction in the sensitivity of the IDE chipgetidecreased difference among IDE chips leads to a
smaller standard deviation within the negative group, making the positive and negative groups
more distinguishable. Furthermore, the larger electrode spleedg toa higher IDE chip yield,
which can contbute to cost reductions. This balance between sensitivity and cost efficiency
demonstrates the potential of the proposed device in providing a reliable and affordable means of
distinguishing between positive and negative samples, making it a vahlssletiveto the

field of POCdiagnostics.

The impedance values in the ldmequency range (10 to 30 Hz) can be utilized to
validate thereliability of the data. For both positive and negative groups, the relative impedance

di fferences ( p1p%|Thesananorglengésrdo mat apply to IDE chips that may
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have been contaminated during the serum incubation or-GNihding process. In certain
cases, samples exhibited significant | pZ | vV a
inspection, leir corresponding IDE wells displayed signs of contamination or damage. As a
result, these samples were deemed unreliable and subsequently excluded from the data analysis.
The reliability of the data was validateg barefully assessing the impedance galin the low

frequency range and excluding potentially unreliable samples from the study. This rigorous
approach to data validation ensures that the results obtained are reliable and representative,

contributing to the overall robustness of the reseanchinigs.

3.4 Conclusion

In this study, we presented an Hi&sed method for biomarker detection utilizing IDE
biosensors, which demonstratextellentcapability in detecting arBARS CoV-2 IgG in serum
samples. Tis EIS-based detection method offers several advantages including rapid response,
high sensitivity, and minimal sample requirements. The experimeslts presented high
statisticalsignificancein the impedancechangeat 10 kHz (p = 7X.6) for anttSARSCoV-2
lgG antibodyd et ecti on. At this frequency, the relat]
positive and negative groups were distinct (272%3.6% for the positive group versdsl %+
1.7% for the negative group), indicating a clear separation between the two groups. The EIS
based antBARS CoV-2 IgG antibodydetection method on thewgell IDE chip requires only 4
L of serum and can be completed in two hours. Moreover, the didBensor platform offers
the potential for multiplexing, enabling the simultaneous detection of multiple biomarkars in a
assay, which could improve the throughput and utility of diagnostic tests. Furthermore, this

detection approacalsoholds the poteidl to beapplicablefor the detection of other biomarkers
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by synthesizing corresponding antibody conjugates GNRis. versatility promises to make the

technology a rapid and effective diagnostic tool for a variety of diseases and conditions.
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4. A Portable and Low-cost Electrochemical Impedance

Spectroscopy Systenfor Point-of-care Testing

The content of this chapter has been published in in Biosensors and Bioelectronics: X 13 (2023):
100301 as "A portable, lowost and higkthroughput electrochemical impedance spectroscopy
device for pointof-care biomarker detection” by Xuanjie Ye, TiamgaJdiang, Yuhao Ma,

Daniel To, Shuren Wang, and Jie Chen.

4.1 Introduction

In recent yearshe neasuremendf bioimpedance through impedance spectroscaisy,
known asElS, has beewidely appliedin evaluating biologicasamplesidentifying and trackig
physiological conditions and promoting new developments in biomedical applicatj@ang,
208]. Biological tissues demonstrate freque@pendent characteristichecause cell
membranes exhibit a capacitive qual®p9]. Low-frequency currents (below 1 kHz) can only
go through ECF since they canmmnetrate the cell membranes, while kigdguency currents

(exceeding 1MHz) pass through both ECF and ICF.

The bioimpedance measuremextta range offrequencies yields impedance spectrum
data, whichrevealsinsightsinto biologicaltissue states or presseg$210, 211] EIS has become
particularly popular irthe biomedical research ardae to itsrelative immunity tanterference,
detailed process information, rapid response, and dependable ouf@d@ijeBiological tissus
can bereated as beingquivalento electronic componentandmostfunctional abnormalities in
human organs or changes in cellular actiign be represented aifts in the electrical
properties of these tissu¢813-215]. Analysis of impedance spectroscopy data can extra

important physiological and pathological functional details from biological tis$2&8].
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Practical applications of this technolomcludethe detectiorof inflammation and dysplasia in
Barrett's esophagus within the upper gastrointestinal {@f], as well as a diagnostic
instrument for identifying and monitoring mucosal damage resulting from ischemia in critical
disease$218]. With EIS, researchers and medical professionals can actassfanformation

that aids in the diagnosis, monitoring, and understanding of various physiological and

pathologcal conditions.

The bioimpedance measuremenbadlogical tissuegequires applying broad frequency
band of excitation signals amdinimizing the impact of noise on the measurement re§2i1S].
This necessitates a high degree of accuracy in the measuring device. Impedance analyzers,
traditional EIS detection devices, meastimeimpedance of test swdgjts over broadfrequency
range. Theprimary advantages of thesmalyzersare a wide frequency range and high
measurement accuracy. However, their large size andcbigthlimit their application ifPOC

testing within the realm dtlS.

To addresgheselimitations, researchers have developed several portable EIS devices.
Recichmuthet al, for example, developed a nawasive, wearable bioimpedance measurement
device specifically for monitoring bladder fillin220]. Additionally, ImpediMed SFB7, a
portable and high-precision EIS system developed by ImpediMed Limited (Australia), is
currently commercially available and has been successfully implemented in the biomeldical fie
[221]. Ferreiraet al. created an EIS system based on AD5933, which achieves continuous
measurements in theX®0 kHz range with an error of less than [222]. Li et al. designed an
electrical autebalanced bridge EIS device that exhibited an error of less than 2% within the 10
kHz - 10 MHz frequency rangR23]. RuizVargaset al. designedan EIS device based on Red

Pitaya, featuring an error of less than 2% in the 10 HaVIHz frequency rang§224]. These
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portable devices demonstragxcellent performance in terms of both frequency range and

accuracy, makig them valuable tools for EIS in a varietyRfDCapplications.

In this study, we present a miniaturized EIS device specificilignedto fulfill the
portability requirements of POC diagnostic devi@ag] it shows excelleqterformance in terms
of precision, accuracy, and measurement speéedotable feature obur designis that the
excitation signal amplituds controlledto a lowlevel of 10 mV, which serves multiple purposes,
including safeguarding the electrodes, minimizing potential thermatteften the biosamples
and preserving thempedance linearity throughout the measurement prof@¥y 225] To
balancethe performance of our device, we employed dlifferenttypes of excitation waveforms
for the differentfrequency range For the frequency range below 1 kHz, we utilipedlti-tone
signals, which significantiaccelerateshe measurement process. On the other hand, for higher
frequencies, singlone sinewaveare implementedo guarantee precision and reliabil[B5].
Our proposed system demonstragadellentperformancewithin the critical frequency range of
1 kHz to 1 MHz, exhibiting an average magnitude accuracy error of 0.B@%pite achieving
this level of accuracy, our EIS device maintains its aturization and portability, which make it
suitable for POC application$4oreover scanning 28 frequency points in a qdlagarithmic
distribution from 10 Hz to 1 MHz requirednly 0.46 seconds. The combination of speed,
accuracy, and portability offerdaly our miniaturized EIS device makes it a promising solution

for a wide range OEIS applications in various healthcdP©Csettings.
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4.2 Hardware and Algorithm Design

USB PC
PHY Host
UART / \

/F PGA: Cyclone V

ADC
controller
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(DUT) OO
(b)
Figure 41 (a) Comprehensive circuit block diagram of the EIS system. (b) Prototype of the

proposed EIS system. Both were reproduced {20i].

The proposed portable EIS system consists of two major components: a Field
Programmable Gate Array (FPGA) module and an Analog fEodt(AFE) circuit. The system
empbys the IDE chip, as presented in Chapter 3, as the device under test (DUT). The FPGA

module is responsible for the management of the digital signals within the EIS system, with its
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primary functions including digital signal input and output, computatio, communication.

The AFE circuit generates excitation signals based on the output digital signals derived from the
FPGA module and collects feedback signals from the DUT. The comprehensive circuit block
diagram of the proposed system is illustratedFigure 41(a), and the actual prototype is
depicted inFigure 41(b). The total cost of the engirsystem can be effectively controlled,

remaining belowJS $100 when produced in volume.
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Figure 42 Flow chart of the impedance measurement process (reproducef2@bpn

To enhance the efficiency of thpedancemeasurement process, the proposed system
employs multitone signals in the lovrequency range (below 1 kHz) to excite the samples. This
approach enables the simultaneous measurement of multiple frequency points within a single
excitation, accelerating the procedure. On the contrary, in thefi@ighency rangg¢above 1
kHz), the measurement speed using shighe sinewaves is not slow, so there is no need to
sacrifice SNR in exchange for faster measurement speeds. Furthermore, the FPGA chip handles

all computations, requiring the host to only transmit measurement instructions and receive
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impedance results. Thigpproach significantly reduces the time needed for transferring large
volumes of recorded data to the host. A flow chart illustrating the complete measurement process

can be found ifrigure 42.

4.2.1 Analog FrontEnd Circuit Design

The basic methotbr measuring complex bioimpedance involves applying a specifically
designed signal with one or multiple frequency components to the DUT. Subsequently, the
electrical current's magnitude and phase through the sample, as well as the voltage across it, are
measured. The proposed system employs the potentiostat prothact keegs the excitation

voltage across the subject cons{@2i6].

The digitalto-analog converter (DAC) chip AD9742, controlled by digital signals from
the FPGA module, generates the excitation signals. To ensure linearitjo gmadtect the
biological samples, the excitation signal is limited to 10 j@¥7]. The excitation signal passes
through a secondrder lowpass Butterworth filter to eliminate higrequency noise, primarily
the DAC's clock signal interference noi&2.528 MHz). Afterward, the signal is appliedthe
calibration resistance and the DUT using two identical drivers built with a duaimgp

(OPA2353).

The proposedIS system uses an automatic balance bridge circuit topology to maintain
the potentiostat structurélraditional potentiostat circuit topology employs an electrometer
module to sense the DUT's potential, with the voltage signal fed back to the control angdlifier
shown inFigure 43(a). Additionally, the DUT's current signal is converted into a voltage signal
using aprecison resistor R, and the signal is sensed using an amplifier. In contrast, the

automatic balance bridge method has a simplerldgyp as shown inFigure 43(b). A
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transimpedance amplifier (TIA) converts the current through the DUT into a voltage signal for
current signal sensin One DUT port is fixed to the ground due to the virtual ground effect,
ensuring the potential automatically equals the excitation signal. Therefore, the proposed
portable EIS system uses the automatic balance bridge method to reduce the circuit area. The
dual highspeed, ultrdow bias current ofamp chip LTC6269 forms the¢hannel TIA, with its

fA-level bias current feature ensuring precise current flow through the DUT and feedback
resistor R, improving impedance measurement accurfinyo precisonres st ors (200 VY
k' Y) f un anttoi transforma differBnt current levels, selected by a loweasistance single

pole double throw (SPDT) analog switch ADG849.

Excitation

Signal Control

(Y N T
Voltage “
8 lectromete Working
- Sense Electrode Ry
‘ Excitation
" Current | VE ] Signal
. Sense | Converter _ \ 4. \
‘ Voltage - Current
L SenSE y L Sense )
(a) (b)

Figure 43 (a) Block diagram of traditional potentiostat topology (b) Block diagram of automatic

balance bridge topology (reproduced fr{zi1]).

The TIA transforms the current signal into a vg#asignal, which is then adjusted by an

amplifier before being digitized by the analtmgdigital converter (ADC). The current flowing
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through the DUT is relatively low, typically from nA to uA levels, due to the excitation signal's

10 mV low amplitude Consequently, the output voltage range can be adjusted from 0.1 mV to
20 mV in most cases. The TIA's output voltage is adjusted by programgablemplifiers

(PGA) to fully utilize the ADC's input range and reduce quantization noise. Thed®&, high

speed dual 14it successive approximation register (SAR) ADC chip LTC2B23s employed

in the proposed system, allowing a frequency range of up to 2.5 MHz, exceeding our target
maximum frequency of 1 MHz. To speed up impedance measurement, the curnad sig
through the calibration resistorcRnd the DUT are sensed simultaneously. To diminish the
influence of parasitic capacitance and resistance, two symmetrical signal paths are constructed

on the printed circuit board (PCB).

4.2.2 Digital Circuit Design

The FPGA module handles all digital circuit functions within the system, including clock
signal generation, signal acquisition, signal processing, computation, and communication. To
prevent clockmismatchesthe clock signals of the DAC and ADC are dedvfrom the same
phaselocked loop (PLL) module on the FPGA. This synchronization, combined with carefully
designed excitation signals and signal acquisition length, assures that the signal stored in the
RAM consists ofone or several complete periods bé tperiodic excitation signain this way
the system can effectively eliminate spectrum leakage without window functions. This approach
enhances the accuracy of the signal's magnitude and phase calculations, which are performed

using the Fast Fourier Tmaform (FFT)[228].

The FPGA circuit module utlized in the system is the P0192 Cycl6eR6&A
development board (Terasic Technologies, Taiwan), which incorporates the Cyclone V

5CEBA4F23C7N as its core chip. Within the FPGA, the PLL module generates a 18(H224
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master clock, which is subsequently divided idifberent clocks for other modas. The master
clock is divided by 8 to create a 22.5881z clock for both the direct digital synthesis (DDS)
module and the DAC chip. The DDS module, designed using the Numerically Controlled
Oscillator (NCO) IP of Altera Corporation, generates siigi®e sine wave signals across
various frequencies. The 22.5R81z clock is chosen to control the DDS module, ensuring
optimal SNR for highrequency signals (above 1 MHz) and adequate resoliNiext, the ADC
controller module generates the ADC signal asitjon control signal based on the master clock
(180.224 MHz). A complete 1bit digital signal can be collected every 44 clock cycles,
resulting in an ADC sampling frequency)(bf 4.096 Msps. Lastly, the FFT module, which
utilizes the FFT core functioprovided by Altera Corporation, directly adopts the master clock
to guarantee data processing speed. Thepgralinput of the FFT module comprises the digital
signal acquired by the ADC, while the imaginary part input is set to zero. The transformisength
configured to N = 4096, establishing a fundamental frequenay=ofsfN = 4.096 MHz/4096 = 1
kHz. Utilizing the output data from the FFT module, the NIOS Ih synthesized32-bit
embedded processor supplied by Altera Corpordticalculates the coptex impedance using

Equations 4.1)-(4.4).
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The index [k] denotes the value at theguency point of k kHz. ReX and ImX represent
the real and imaginary components of the signal, as outputted from the FFT module,
respectivel y. | X] and d correspond todanche mag
|Xout| signify the magnituels of the current signals flowing through the calibration resistor Rc
and the DUT, respectively. gdr| and R represent the magnitude of the DUT's impedance and

the resistance of the calibration resistey Rspectivelyf ,[ , andf are the phases of
the DUT's impedance and the current signals flowing through Rc and DUT, respeftively.

refers to the phase of the calibration resistgmRich is assumed to be zero.

The transform length of N = 4096 and the sampling frequeyeyf096 MHz yieldthe
lowest measurement frequency point of 1 kHz. To assess the complex impedance within the
frequency range below 1 kHz, the system necessitates either a longer transform length or a
reduced sampling frequency. The latter is more feasiblé,anly requires modifying the clock
frequency of the ADC controlle©On the othe hand merely changing the sampling frequency
would underutilize the higspeed capabilities of the ADC. Consequently, the proposed system
incorporates a data averaging mted to decrease the sampling frequency, simultaneously
enhancing the SNR of the acquired signal. By averaging the results of N consecutive samples
from the ADC as a single sampling data point, the sampling frequency can be reduced by a factor
of N. This agustment shifts the lowest measurement frequency point to 1/N kHz. Concurrently,

t he SNR of the signal 1ofNgdBui siti on I mproves by

4.2.3 Excitation Signal Design
In most cases, EIS measurement employs stogle sine wave signals as the exata
source due to their high SNR, which ensures accurate measurement results. However, this

approach can lead to langthy measurement duration for a complete EIS since only one
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frequency can be assessed asingle excitationWhen evaluating impedancelaw frequencies,

such as at the Hz or even mHz level, the exceptionally long time required for a full EIS may be
impractical in certain situations, particularly for dynamic biological monitor systems. As a result,
wide bandwidth excitation signals haveelm adopted to reduce EIS measurement time. These
signals possess spectral densities that encompass multiple frequency points or span entire
frequency ranges. Commonly utilized wide bandwidth signals in EIS systems includé¢omeilti
signals[229, 230] chirp signald177, 231] sinc signal$232, 233] rectangular puls€234], and

Gaussan functiong235], which facilitate more efficient impedanoeasurements

In the proposed EISystem broadband signals are employed for measurements in the
low-frequency range (below 1 kHz) &xceleratehe measurement speed. Complex impedance
evaluations at low frequencies can be tto@suming, as the system needs to acquire one or
several completeiree waves. Using broadband signals for excitation effectively reduces the
measurement duration requiresihce multiple frequencies can be measured with a single
excitation Additionally, the low SNR issue associated with broadband signals can be alleviated
by the SNR improvement offered by the data averaging module. For théréugiency range
(above 1 kHz), measurement speed is naturally faster, rendering the use of broadband signals
unnecessary. Consequently, the excitation signals for the proposed sgstgrise broadband
signals in the lowfrequency range (below 1 kHz) and sinrgd@e signals in the higliequency
range (above 1 kHz). This approach ensures efficient and accurate impedance assessments across

board frequency ranges.

The multitone signals chosen as the broadband excitation signal in thefrlequency
range due to its efficient energy utilization at the desired frequency points. Atomdtsignal is

the sum of multiple sine waves at varying frequencies, providing high flexibilityapirsty the
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target spectrum. However, without careful phase arrangement for each frequency component, a
multi-tone signal may exhibit a high crest factor (CF), which represents thetpeakt mean

square (RMS) ratio, as expressedguation (4.5). In th@roposed EIS system, the excitation
signal's peak value is limited to £10 mV to maintain bi@impedancéinearity of the biological
samples. Given this peak value constraint, the excitation signal should have a minimal CF to
maximize excitation energynd SNR. Consequently, the phases of the frequency components
must be appropriatelgrrangedo minimize the CF of thenulti-toneexcitation signal, enhancing

the measurement accu racy.
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Figure 44 (a) Timefrequency domain swapping algorithm (b) Thinequency domain

swapping algorithm revised by Yaegal.
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The minimization of CF remains an open mathgoal problem[236], with various
solutions proposed by researchers. Schroeder, in 1970, introduced the first analytical solution,
determining the initial phases using a straightforward formula, as demonstr&mgabition (4.6)

[237], w h g ane p alle the phase of theth harmonic and its relative power to thé

harmonic of the prescribed power spectrum, respectivdtiiough this method is simple and

easy to implement, its results are tally suboptimal and only marginally better than random
selection. Van Der Ouderg al. proposed an iterative tirfeequency domain swapping (TFDS)
algorithm to tackle the CF minimization problef@36, 238] The algorithm starts with the

desired amptude spectrumi@a nd a r andom p k eosstuctm@thebnitiad mukii on G
tone signal using the inverse discrete Fourier transform (IDFT). Thedmmain multitone

signal is then clipped according to a specific criterionq3%), and anewphas c o mbiknat i on
is calculated using the discrete Fourier transform (DFT) with the clipped signal. This process
repeats until the CF no longer decreases, as illustrateidjume 44(a). The TFDS performance
primarily depends on the clipping criterion selection, balancing convergence speed and
optimization performance. Several studies have suggested methods for chbestiigping

criterion to expedite convergence and achieve minimized CF, with &aaljs approach being

one of the most efficient, as shownkigure 44(b) [239]. Another efficient iterative algorithm

employs the nonlirer Chebyshev approximation method (NCAM), proposed by Guillatrak

[240]. In recent years, optimization algorithms have advanced and gained widespread application.
Researchers have applied swarm intelligence algorithms sulcbgenetic algorithn{GA) [241]

and the artificial bee colony(ABC) algorithm [242] to optimize CF. Although tle® swarm
intelligence algorithms require more computational resources, their réswés potential to

surpass those of previous analytic methods and iterative algorithms.
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In the proposed system, the mutine signal is synthesized using the FPGA firmware
and stored in the RAM for later use. The stored ntahe signal data frame has a length of 4096,
equal to the length of the sampled data frame, and a width-loit,1dhatching the width of the
DAC. Thisresults in a total ochip memory usage of 7 kb. It is commonly believed that a higher
update rate, achieved through a longer single frame length, can enhance the -§marious
dynamic range (SFDR) performance of the signal. However, our preliminaryhtastshown
that a multitone signal data frame length exceeding 4096 doe&irtberimprove measurement

precision, so the length is set to 4096 to conserve memory resources.

Additionally, the same stored muttine signal can be output at different clock
frequencies to adjust the excitation signal's spectrum. In the proposed system, impedance is
measured with muHlione signals once per decade frequency range. This allows the same stored
multi-tone signal to be used repeatedly for excitation in the 1HBH0 Hz and 100 Hz to 1000
Hz ranges by simply adjusting the output clock frequency by 10 times. Moreover, the stored
multi-tone signal is expected to have a minimal CF to enhance the excitation signal's SNR. To
achieve this, various methods were emptbte synthesize the multbne signal on a computer,
including the revised TFDS algorithm, NCAM, and some popular swarm intelligence algorithms.

This approach facilitates an exploration of the most suitable algorithm for CF minimization.
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4.3 Results and Ddcussion

4.3.1 Multi-tone Signal Synthesis

Two types of spectra were prepared to evaluate the performance of various CF
minimization algorithms: (1) an equidistant and flat spectrum with a frequency list of (1, 2, 3, 4,
5, 6,7, 8, 9), and (2) a qudsgarithmic and flat spectrum with a frequerisy of (1, 2, 3, 5, 7),
where "1" represents the fundamental frequency. Due to inherent constraints -lmageer
measurements, achieving a true logarithmic spectrum is unattainable, as only integer multiples of
the fundamental frequency can be computethe CF minimization algorithms chosen for
comparative analysis included the NCARMO], Oj ar a n d 6[843]Mavised ©RDJ239],
Particle Swarm Optimization (PSQ244], GA [241], ABC algorithm [242], and Bacterial
Foraging Optimization (BFQR45]. The BFO algorithmshave not been previously employed in

the context of CF minimization.

The two spectra were synthesized utilizing these algorithms within the Matlab R2020a
software environment on a personal cotepyCPU: AMD Ryzen 7 1700; GPU: NVIDIA
GeForce GTX 1070). Each algorithrapeatedl00 iterations, and their optimal results, mean
results, least favorable results, and average time consumption are documéiatele . This
comparative evaluation enables the determination of the most suitable algorithm for CF

minimizationin the proposed system.

The CF optimization results for both spectrums demonstrate that the revised TFDS
method outperforms other algorithms in terms of optimization efficiency and time consumption.
While the PSO algorithm exhibited superior optimization results in both spegiialization
experiments, the differences in outcomes were marginal compared to the revised TFDS (1.5665

vs. 1.5685 for the “frequency spectrum and 1.3976 vs. 1.3986 for tfie@uency spectrum).
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Furthermore, the optimization efficacy of the PSO algorith heavily reliant on random seeds,
leading to an average optimization result inferior to that of the revised TFDS. The revised TFDS
algorithm consistently achieves excellent optimization results, closely approximating the optimal
results obtained fromtber algorithms, in a relatively short time frame (approximately 0.15
seconds). Moreover, the revised TFDS algorithm offers the extra advantage of reusing the FFT
module on the FPGA, further accelerating the algorithm's execution speed. During testing, the
FPGA completed the entire revised TFDS algorithm process in 0.132 seconds. This performance
renders the revised TFDS algorithm a suitable choice for CF minimization in the proposed

system.

TablelV Crest Factor Optimization Resultising Various Algorithms

5 Frequencies
Algorithm Best Avg Worst Time (sec)
Ojarand 1.6395 | 1.6395 | 1.6395 0.3928
NCAM 1.5685 | 1.6026 | 1.7273 0.0443
Revised TFDS 1.5685 | 1.5685 | 1.5685 0.1441
PSO 1.5665 | 1.6006 | 1.6984 1.021
GA 15672 | 1.6269 | 1.758 1.1035
ABC 1576 | 1.6108 | 1.6369 6.6386
BFO 1.6519 | 1.6815 | 1.7171 5.8682
9 Frequencies
Algorithm Best Avg Worst Time (sec)
Ojarand 1.5467 | 1.5467 | 1.5467 0.8847
NCAM 1.4001 | 1.4748 | 1.5924 0.5258
Revised TFDS 1.3986 | 1.3986 | 1.3986 0.1506
PSO 1.3976 | 1.5229 | 1.7102 4.6366
GA 1.4083 | 1.5161 | 1.6325 8.899
ABC 1.4747 | 1.6182 | 1.6760 9.4156
BFO 1.6113 | 1.8656 | 2.2022 8.5665
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4.3.2 Measurement Performance Evaluation

The EIS system wamtended tobe developed for use with the IDE chip described in
Section 3.2.3 In practicalapplications, the impedance of the IDE chip loaded with biosamples
spans from 200 gq to 200 kq in the 10 Hz to 1
segment is of particulariner e s t corresponding to an i mpeda
Impedance values outside this range are generally employed to assess whether the IDE chip is

damagedr contaminatedthus they do not require high accuracy.

In order to evaluate the syst&s accuracy and precision across the 10 Hz to 1 MHz range,
nine pure resistors v aremployeg The true magditddé and phase 500
values (4, ) af the resistors were established by averaging ten measurements obtained using the
MFIA Impedance Analyzer (Zirich Instruments, Ziiich, Switzerland). These true values were
then compared to the average values from 200 measurements taken with the proposed EIS
system. Equations (4.7) through (4.10) depict the evaluation of accuracy andprémidioth
magnitude and phase, with &nd @ representing the errors in terms of accuracy and precision,

A and : denoting the standard deviation and average value of 200 measurement
magnitude results, and  andf  denoting the standard detion and average value of 200

measurement phase results, respectively.
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TableV Evaluation of Accuracy and Precision for the Proposed EIS System Using Resistors.

Magnitude Errors

Fre(Hz)
N 10 100 1k 10k 100 k 1M

&

Res

0.418% 0.024% 0.112% 0.299% 0.329% 0.199%
91.23 0.175% 0.216% 0.021% 0.066% 0.022% 0.098%

0.125% 0.021% 0.111% 0.004% 0.108% 0.217%
329.78 0.037% 0.025% 0.019% 0.006% 0.005% 0.007%

0.402% 0.342% 0.239% 0.228% 0.237% 0.164%
1001.3 0.125% 0.117% 0.029% 0.014% 0.012% 0.016%

0.265% 0.158% 0.192% 0.218% 0.417% 0.472%
3644.88 | 0.338% 0.518% 0.088% 0.050% 0.077% 0.067%

0.358% 0.232% 0.057% 0.362% 0.593% 0.023%
11.94 k 0.237% 0.319% 0.105% 0.090% 0.077% 0.079%

0.044% 0.179% 0.134% 0.234% 0.300% 0.517%
36.13 k 0.596% 0.383% 0.177% 0.056% 0.212% | 0.0239%

0.329% 0.736% 0.746% 0.538% 0.036% 0.871%
89.32 k 0.998% 0.924% 0.456% 0.179% 0.481% 0.393%

0.628% 0.604% 0.664% 0.435% 0.451% 1.203%
212.26 k| 1.809% 1.941% 0.907% 0.484% 1.130% 0.828%

0.409% 0.399% 0.505% 0.209% 0.274% 2.024%
498.83 k| 3.125% 2.620% 1.676% 0.936% 1.609% 1.260%

Phase Errors

Fre(Hz)

©a 10 100 1k 10 K 100 K 1M

0.095° 0.011° 0.019° 0.032° 0.160° 0.262°
91.23 0.024° 0.012° 0.008° 0.004° 0.004° 0.007°

0.103° 0.014° 0.014° 0.136° 0.490° 0.001°
329.78 0.032° 0.012° 0.012° 0.005° 0.006° 0.007°
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0.104° 0.018° 0.016° 0.093° 0.475° 0.333°
1001.3 0.096° 0.134° 0.027° 0.018° 0.012° 0.014°

0.085° 0.067° 0.033° 0.254° 0.334° 0.384°
3644.88 0.331° 0.588° 0.072° 0.044° 0.075° 0.089°

0.117° 0.161° 0.042° 0.047° 0.323° 0.057°
11.94 k 0.156° 0.197° 0.044° 0.024° 0.101° 0.065°

0.151° 0.163° 0.045° 0.059 0.362° 0.208°
36.13 k 0.307° 0.221° 0.145° 0.062° 0.234° 0.242°

0.141° 0.204° 0.055° 0.126° 0.479° 1.074°
89.32 k 0.362° 0.435° 0.263° 0.157° 0.462° 0.279°

0.084° 0.208° 0.096° 0.092° 0.928° 1.800°
212.26 k| 0.468° 1.049° 0.654° 0.252° 0.967° 0.601°

0.166° 0.220° 0.295° 0.226° 0.690° 3.241°
498.83 k| 1.283° 1.396° 1.090° 0.746° 1.872° 1.393°

TableV presents comprehensive accuracy and precision evaluation reshltfifferent
resistors. By employing a 1% error as the screening standard for instrument accuracy and
precision, the availdbe measur ement range of the proposed
to 90 kq. Furthermore, for the I mpedance and
kHz to 1 MHz), the errors in terms of accuracy and precision were less than 0.5% and 0.1%,

respectively.

I n the second phase of the evaluation, an
solution was prepared as the subject for measuring impedance. This test aimed to assess the
accuracy and precision of the proposed EIS system in compadstre tMFIA Impedance
Analyzer. Both the MFIA and the proposed system were used to measure the impedance of the
IDE chip in rapid succession, with the MFIA's results being considered as the true values. Here,
the measurements using the proposed system mgpeated 20 times. The evaluation of the
proposed system's accuracy and precision was conducted using Equations (4.7) to (4.10), and the

overall results of this comparison are illustrated=igure 45. When plotted on a logarithmic
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coordinate system, the impedance measurements obtained from the MFIA and the proposed
system exhibited highly similar magnitude and phase curves, indicating a strong oogsiste

between the two sets of results.
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Figure 45 Performance Assessment of the Proposed EIS System with an IDE Chip Immersed in

PBS Solution (reproduced froja01]).

In the critical frequency range spanning from 1 kHz to 1 MHz, the proposed system
demonstrated an average magnitude accuracy error of 0.30%, an average magnitude precision
error of 0.2%, an average phase accuracy error of 0.16, and an average phase precision error of

0.017. These results present the system's ability to provide accurate and precise impedance data
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within the critical frequency range. Moreover, the proposed system israso in the
measurement, requiring just 0.46 seconds to scan 28 frequency points in-bgprasimic
distribution that ranged from 10 Hz to 1 MHz. This speed offers a significant advantage in
various practical applications where rapid measurementesgential.Table VI presents a
comparison of the proposed EIS system's specifications with those of other EIS systems,
including those proposed byadig et al[177], RuizVargas et al[224], the RedPitaydased EIS

system, and the MFIA Impedance Analyzer.

TableVI Comparison of Specifications

Device This work Jiang Ruiz-Vargas RedPitaya MFIA
Measuremen 1.1 ms 24.2 ms 70 ms 70 ms 20 ms
speed
Measuremen 0.24% 0.30% 0.70% 2% 0.05%
error
Frequency | 141y, o muz | 100HZ-500 |46 117 1 MHz | 10 Hz- 1 MHz | 1 mHz- 5MHz
Range kHz
Impedance
Range | 100-200 |10 -100 | 1 0 k 1 <0 ko0.11a (
Excitation 0.01:3V 5V 1V 1V 0-3V
Amplitude
Size 163Ag4% 116AL01, 1oAgoA110A60%W 283423
mm? mm?
Weigh 0.25 kg 0.45 kg N/A 0.1 kg 3.8 kg
Cost in USD 95 45 N/A 400 9000

* The measurement speed and error data are for the measurement of 1 k at 1 kHz.
** The impedance range refers to the valid impedance range with an errar < 1%
4.4 Conclusion

In this study, we developed a portable, foast EIS system tailored for POC applications,
which exhibitsexcellentaccuracy and precision in biosample measurements. The EIS system
ensures both measurement speed and accuracy by implementing low Clomeukignal

synthesis and data averaging modules at low frequencies (below 1 kHz) while utilizing single
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tone signals at high frequencies (above 1 kiRg8garding the measurement spedde system

can scan 28 quakygarithmically distributed frequency pasranging from 10 Hz to 1 MHz in a

mere 0.46 seconds. Moreover, the proposed EIS system supports simultaneous EIS for eight
channels of IDE chips, further enhancing measurement efficiency. Within the critical frequency
range of 1 kHz to 1 MHz, the systedemonstrates an average magnitude accuracy error of
0.30%, an average magnitude precision error of 0.02%, an average phase accuracy error of 0.16,
and an average phase precision error of 0.017, all achieved with a low excitation amplitude of 10
mV. This lowv excitation amplitude offers several advantagesluding protection of the
electrodes and biosamples, preservation of impedance linearity, and minimization of thermal
effects. Given its high precision and biosafety features, the proposed EIS systesn hold

significant potential for widespread use in various biomarker measurement applications
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5. A Low-Intensity Pulsed Ultrasound Interface ASIC Chip for

Miniaturized Medical Therapeutic Device Applications

The content of this chapter has besibmittedas a manuscrigor review tolEEE Transactions
on Very Large Scale Integrati®@ystemsas "A LowIntensity Pulsed Ultrasound Interface ASIC
Chip for Wearable Medical Therapeutic Device Applications" by Xuanjie Ye, Xiaoxue Jiang,

Shuren Wang, andie Chen.

5.1 Introduction

With a wide range of applications, including surgical procedures, diagnostics, and
therapy, ultrasound technology has played a critical role in the medical field for almost a century
[61, 246, 247]In its early stages, the primary focusuttfasound centered on the thermal effects
of highrintensity ultrasound wavedhat canselectively elevate the temperaturetafgettissues.
This technique has demonstrated its efficacy in various medical interventions. Recent advances
in the field have lifted attention toward lovintensity ultrasound, which operates without
generatinghermal effect$62, 65, 248] This innovative approach has paved the wayérious
therapeutic applications, revolutionizing the medfadd. For instance, lovintensity ultrasound
has been employed to facilitate the healing of fractures, a technique that significanitytes
the recovery procesf62, 79, 249] Furthermore, this technology ha$so proven to be a
promising assist treatmenfor cancer therapy65, 84, 118, 25Q] offering a norinvasive
treatment option that mitigates the adverse side effects often associated with traditional
chemotherapy and radiation. Another notable application of-idbewnsity ultrasoundis
neuromodulation63, 251, 252] where it has been utilized to modulate neural activity and

alleviate symptoms in patiensiffering from neurological disorders. Moreover, lowensity
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ultrasound has showthe potential in promoting peripheral nerve regeneraf®h 253] Low-
intensity ultrasound technology has expanded the scope of medical applications far beyond its

original thermalbasedherapeutic effect

LIPUS is a distinctive subset of lowntensity ultrasound technology, characterized by its
delivery of ultrasound energy as pulsaves. This unique attribute enables LIPUS to concentrate
energy within the pulse, thereby maintaining f#tlbarmal properties while deliveringufficient
ultrasound amplitude to the targ@b4]. Empirical evidence has demonstrated the therapeutic
efficacy of LIPUS across various tissues, including knee osteoartf@®s], tooth root
resorption[256], inflammation inhibition[257], and bone fracture258]. A widely employed
LI PUS parameter set, featuring a 1.5 MHz f unc¢
repetition rate (coasponding to a 20% duty cycle), and a spatial average temporal average
(SATA) intensity of 30 mW/crfy has been successfully appliedhe fracture healing scenarios
[91, 258260] The U.S.FDA and the U.K.National Institute for Health and Care Excellence
(NICE) haveapprovedthese applications for their effectivenesspinomotingfracture healing.

This LIPUS parameter set halsobeen utilized for intraoral dental tissue formation as well as
stem cell growth and differentiatig@61, 262] Furthermore, Health Canada approved the Aveo
system, an orthodontic treatment deviz®sed on LIPUSIn 2016. Insummary LIPUS has
emerged as a versatile and powerful tool within thedical field, offering transformative

therapeutic potential across diverse applications.

This project endeavors to develop a miniaturized LIPUS interface ASIC chip, designed
for awearableultrasonic therapy systethat can outpuLlPUS with an average pa@aw intensity
of 30 mWi/cnt or 50 mW/cnf with a duty cycle of 20%. These LIPUS parameters have been

widely used in theherapeutic applicatiod256, 263] Typically, wearable devices rely dow-
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voltage power sources like batteriddowever,driving an ultrasound transducer demands a
voltage exceeding that @ standard battery or portable DC power syppiecessitating the
implementation of a DOC boost vitage converter. Considering that the electromechanical
conversion efficiency of most ultrasound transducers falls within the range of 30% {@&%%

266], the DGDC boost voltage converter must be capable of delivering a continuous power
output of 500 mW to support a LIPUS transducer with a 1 cm diameter, a SATA intensity of 30
mW/cn?, and a duty cycle of 20%. Inductbased boost converters can meet theseer
requirements, but they are bulky and not suitable for miniaturized devices. Furthermore, many
ultrasound treatments necessitate MRI guidance for precise applif2631269], rendering
inductors incompatible with the MRI environment. Consequently, the proposed system employs
a charge pump as an alternative solution, also known as a swiigpacitor DEDC converter.

This alternative approach addresses the challenges of minzation while maintaining
compatibility with MRFguided treatments, thereby advancing the development of wearable

ultrasonic therapy systems.

Ny, . Ultrasound
R, Transducer

Figure 51 Comparison of the Highly Integrated LIPUS System with a CanadianDOallar

Coin.
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This chapter introduces a novel LIPUS interface chip created for a highly integrated
ultrasound driver system, which can be used in portable medical therapy devices.pTWwaschi
carefully designed and made using the AMS @&3% HVofjage Complementary Metal
Oxide-Semiconductor (CMOS) Process Technology (H35B4D3). The proposed chip needs only
a small number of passive electronic components to build the peripheral ciroylifying the
overall system. With a properly designed peripheral circuit, the chip can provide up to 181.5 mW
to the ultrasound transducer when powered byVasbipply, or 103.3 mW with a 3-V power
supply. Figure 51 shows the proposed ASIC chip, its peripheral circuit, and how it can be

included in the ultrasound therapy system.

5.2 System Design

The system architecture for the proposed ASIC chip and its peripheral components is
depicted inFigure 52. Thepower supply of theystem can accomrdate either 3.7 V or 5 V,
with the power source connected simultaneously to digital power supplies)vialog power
supplies (A\bp), and power management power supplies oV The digital circuit block
governs all digital signals within the systepmimarily for generating suitable clock signals for
other modules. These clock signals originate from athufi 12MHz crystal oscillator and an
on-chip voltagecontrolled oscillator (VCO). The VC@erived clock signal controls the charge
pump, and clock rivers are implemented &nablethe clockto drivethe large MOSFETSs in the
charge pump. Consequently, the control voltagecah adjust the output high voltage from the
charge pump W, whichin turn powers the transducer driver. The transducer drivesists of
two highvoltage NMOSs operating as a hatidge (HB) driver. These NMOSs occufarge
on-chip space to achieve low eesistances, requiring gate drivers for their large gates.

Furthermore, the upper hdifidge driver necessitates a higbltage level shifter (HVLS) and an
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external bootstrap circuit, comprising a capacitesds and a diode Bbor, to ensure it remains

in normal operation conditiowhen the source voltage increases.
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- Off-chip
'|I‘|q-|||'||:|-|||'“" Capacitor Array
| DVpp |AVDD PVpp

DVpp &

Veo—4— vCo

N by,
T

Digital

i

Figure 52 Proposed ASIC Chip System Architecture and Associated Peripheral Components.

5.2.1Charge Pump

The proposed LIPUS system requires a-DC boost converter to elevate the battery
power voltage to a level capable of driving the ultrasound transducer. To address the challenges
of miniaturization and MRkompatibility, the charge pump was chosen as th€é-DC boost
converter for the systenkigure 53(a) demonstrates the design of thestdge charge pump,
which is based on the €Ptopology which was proposed by our research grasglescribed in
[270]. High-voltage (HV) devices provided by the AMS 0:85m HVogdge CMOS Process
Technology (H35B4D3jvereemployed in this charge pump topology, allogithe MOSFETs

to endurea higherdrainsource voltageompared to the standard CMOS procédss feature
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enables each stage of the charge pumpetboosed toa higher voltagewvithout the risk of
breakdownrequiringonly four stages to attain the remed driving voltage (approximately 412
20 V). This design ensures a more efficient and compact solution while maintaining

compatibility with MRI environments.

PVpp

Both QNA2 and QPA2 are off

1 ‘ ]
QA2off I 1 QAZon
—_—

QNA2off 1 . QNAZon
QPA2 on — PA2 off QNA2

T1:

T2: B|_-‘ Tlg;’Az

(b)

Figure 53 (a) 4stage charge pump topology. (b) Operation timing of a typical unit CTS MAZ2.

The 4stage charge pump consists of two symmetrical branches, each operating with

complementary clocks. These branches contain charge transfer switches (CTSs)-aodtgate
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transistors. Using branch A as an exam@@l, QA2, QA3, QA4, andQAS serve as CTSs,
transferring charges to subsequent sta@Qdbd2, QPA2, QNA3, QPA3, QNA4, andQPA4 act

as gatecontrol transistors, regulating tieenductionof their corresponding C&S The twoout-
of-phaseclocks, CLK1 and CLK2have a high voltage level &Vpp anda low voltage level of
theground.In phase 1, when CLK1 is high and CLK2 is 10@A2, QA4, QB1, QB3, andQB5

turn on, while other CTSs turn off. This leads to charge transfer from Al to A2, A3 to A4,
PVDD to B1, B2 to B3, and B4 to VPR phase 2, when CLK1 is low and CLK2 is high, MAL,
MA3, MB2, MB4, and M4 turn on and the other CTSsirn off. As a consequenceharges
move from PVDD to Al, A2 to A3, B1 to B2, B3 to B4, and A4 to VPP. This design efficiently

and effectively manages charge transfer in tiséadie charge pump.

Using QA2 and its gateontrol transistors QNA2 and QPA2 as examples, as depicted in
Figure 53(b), we will introducethe operation of the charge punp.phaseT1, when CLK1 is
low and CLK2 is high, QNA2 turns off asg¥QNA2) = Va1 - V1 = -Vpp, and QPA2 turns on
due to U(QPA2) = k2 - Va2 =-Vpp. As a result, CTS QA2 is turned off, with its source A2
connected to its gate B2 {¥QA2) = 0). In the clock transition, CLKdoes upwhile CLK2 goes
down When Wb{QPA2) = \B2 - Va2 > -Vin, QPA2 is turned off, initiatingphaseT2. In phase
T2, all transistors, including QA2, QNA2, and QPAZ2, are turned off. At the epbasfer2 and
the beginning ophaser3, QNA2 turns on as ¢ QNA2) = Va1 - Vg1 > Vin. Consequently, QA2
is turned on since MQA2) = Vg1 - Va2 = -Vpp. Thisdedicatd design eliminates reverse charge
flow, as all transistors are turned off during T2. Furthermore, the-viulfhge MOSFET
transistors employed in this charge pump desigad towithstand a maximum draisource
voltage of 2VDD. The clock driver's power supply should be below 2.5 V or 1.65 V when using

standard MOSFETs, which have a lower voltage tolerance of 5 V or 3.3 V. However, by
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employing highvoltage MOSFET transistors, a conventionat@.lithium battery ora5-V USB
power supply can power the clock driver. Additionally, this design enables each charge pump

stage to boost a higher voltage, thereby reducing the number of required stages.

5.2.2 High Voltage Level Shifter

VbbpH

Vssu
Vbpu

Vssu

VbpL

GND
VbpL

e

GND

Level Shifter

Figure 54 Schematic representation of the HVLS and explanation of its functioning.

The HVLS is an essential module in the proposed system, as it enables ts&déigh
NMOS of theHB driver to turn on. The primary function of the HVLS is to convbelogic
signals betweendifferent voltage domains, withthe critical performance indexedeing
propagation delay and power dissipation. Additionally, the size of the HVLS impacts tladl over
chip cost and must be considerdtherefore the pulseriggering HVLS approach proposed in

[271] has been adopted for this system.
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Figure 54 illustrates the complete circuit diagram of the HVLS, which consists of an
edge detectiomodule, a level shifter, and a latch. The edge detection module generates a pulse
at either \ke or Vre upon detecting a rising or falling edge in the input signal VThe level
shifter then inverts and raises the pulse from theuoltage domain to thkigh-voltage domain.

The resulting notching signal akVor Vr alters the latch's statswitchingVoutH between Moot
(high) and Vsw (low) levels. In the steady state, all voltage levels remain stsibleethe output

is latched.

To illustrate theoperation of the level shifter in detail, le$ consider the example of a
rising edge. As W L transitions from low to high, a pulse is generated a¢ While Vre
maintains itslow voltage level. Consequently, transistors M1, M3, and M5 remain in their
current state, whereas the pulse at Wiggersvoltage changes in transistors M2, M4, and M6.
The pulse at W¥e momentarily turns on M2, causing the drain terminal of M4 to be pulled down
to ground level during thishort period. Subsequently, rVis pulled down to (\Mw + Vi),
generating a notch at VR. This notch flips the state of the latch, aod s subsequently

latched at the high voltage levegdor.

In the stable stateh¢ voltage levels at ¥and \k are maintained at abot because
transistors Nb and M6 are turned on gy= Vsw - Veoot = -Vpp). Similarly, M3 and M4 are also
turned on, while M1 and M2 are turned off sinag:-¥nd ke remain at ground level. As a result,
the drain terminals of M3 and M4 are held ab¥r. When a signal transition occurs akV, the

signal propagates through the modules Q1.
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5.2.3Voltage-Controlled Oscillator

—03 o7 Qn

704 | 08 \E]Qu
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Control Signal

Figure 55 Circuit diagram of the -3tage CSVCRO

A 3-stage currenstarved voltageontrolled ring oscillator (CSVCRQyasemployed to
generate an adjustabieequency clock for the charge pump module. By permitting the
adjustment of the clock frequency, the power output capability of the charge pump can be
customized to meet the specific demands of the application. The GSMGpblogy was
selected for its low power consumption, extensive frequency range, and high integration capacity
[272]. The CSVCRCQadjusts frequency by controlling the current used to charge or discharge the
load capacitancewhich is modulatecby the onresistances of the pedlown and puHup
transistors. Lower onesistances enable a larger current to charge or discharge the load

capacitance, resulting in a higher frequency, and vice versa.
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Figure 55 illustrates the circuit diagram of thesBage CSVCRO module, which consists
of a complementary control signal generator, a CSVCRO core, and a clock outpufThage.
complementary control signal generator employs a current mirror topology to ensure similar
currents flow through Q1 and Q2. Transistors Q4, Q8, and Q12 restriailthgpcurrent flow,
while Q5, Q9, and Q13 limit the puilown current flow. In this manner, the complementary
control signal W makes the current limiting capacity of Q4, Q8, and Q12 highly similar to that
of Q6, Q10, and Q14, which are directly contrdlley the input control voltagep/The 3stage
CSVCRO core comprises transistors-Q34, forming three inverters. The current flows of these
three inverters are limited by current sources and sinks controlled bnd/\, respectively.
The output clock ginal is buffered by an inverter and then passed to dldipto produce a
precise 50% duty cyclas well asarrow the rising and falling edges of the clock sigmalking
it a square wave. Simultaneously, an-ofiphase clock signal is generated, whismecessary

for the charge pump module.

5.2.4 Haltbridge Driver

The output driver of the system employs an HB topology, which is implemented with two
high drainrsource breakdown voltage NMOS transistors. NMOS transistors are preferred for the
high side of the HB, as they exhibit superior conducting properties and switching speed in
comparison tahe PMOS transistorsof the same sizeHowever, for the higiside NMOS to
remain turned on, itequiresa gatesource voltage (¥s) that satisfies ¥s = Vg - Vsw > Vin,
where \ is the threshold voltag&.o fulfill this condition, a combination of a bootstrap circuit
and an HVLS circuit is utilized to elevate the gate voltage @f the highside NMOS to ¢ =

Veoot = Vsw + Vpp. The bootstrap circuit ensurdésat the gate voltage t® generate a voltage
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of Veoot = Vsw + Vpp, while the HVLS circuit is responsible for translating the logic signals

between different voltage domains to facilitate the proper functioning of thesitigiNMOS.

D> -_f

A

= [
CLK —1 |

D=1
Y s

Dead Time

Figure 56 Schematic of the dead time generator and its corresponding waveform illustrating the

generated timing intervals.

The onresistance of the output switches is t®eB.1 ohms, based on a careful balance
amongconduction power les, switching power loss, and tfegjuired chiparea. These switches,
designed with a | arge area (W L = 10000 & m/
First, the largearea NMOS gate possesses substantial parasitic capacitance, which demands a
multi-stage gate driver to facilitate rapid tuwn and turroff processes. To accomplish this, a
series of four cascaded inverters are implemented, with sizes increasing in a geometric
progression, ensuring swift and efficient transitions between the oofasiditeg273]. Second,
to avoid the risk of two NMOS transistors turning on concurrently and resulting in a short circuit

between VPP and GND, a detwhe generator is incorporated into the dasi@he circuit
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topology and corresponding output waveform of this generator are depidtagune 56. The
deadtime generator introducesshortinterval during the turon alternation of the two NMOS
transistors, allowing both to fully turn off and effectively preventing simultaneous conduction.

This design feature ensures the protection of the system from potentiatistigttincidents.

2 mm

2 mm
-

'3 e

1

Figure 57 Micrograph of the bare die and its brief floor plan

5.3 Results and Discussion

Before tapeout, the proposed ASIC chipas verified insimulation using Cadence IC
6.1.5 Spectre Circuit Simulator (CA, United States) with the AMS-6.35 HVoijdge
CMOS Process Technology (H35B4D3, Kt v4.10) library. Postayout simulations were

carried out with the power supply configured at ttendard lithium battery voltage of 3V or
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the USB voltage of ¥%. The bare die and its floor plan, displayed-igure 57, occupy an area
of 4 mnt, inclusive of padsThe transistor parameters for the proposed design are detailed in
TableVIl. The capacitor array consists of capacitors with a cegrag value of 4.7 nF in both

simulation and the test.

TableVII Transistor parameters of different modules in the system

Transistors in Charge Pump Type W/ L (&em/ g
QA1, OB1 20 V HVNMOS | 2200/0.5

QA2-5, QB25 20 V HVPMOS | 2700/1

QNA2-4, QNB24 20 V HVNMOS | 300/0.5

QPA24, QPB24 20 V HVPMOS | 1800/1
Transistors in HVLS Type W/ L (&ml/
M1, M2 50 V HVNMOS | 10/0.5

M3, M4 50 V HVPMOS | 10/1

M5, M6 5V PMOS 0.5/0.5
Transistors in CSVCRO Type W/ L (e&ml/
Q1 5V PMOS 1.2/1

Q2 5V NMOS 0.6/1

Q3, Q7,011 5V PMOS 6/0.5

Q4, Q8, Q12 5V PMOS 9/0.5

Q5, Q9, Q13 5V NMOS 4.5/0.5

Q6, Q10, Q14 5V NMOS 3/0.5
Transistors in HB Type W/ L (&ml/
Q1, Q2 50 V HVNMOS | 10000/0.5

5.3.1 Smulation Results

(A) Charge Pump
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Figure 58 Postlayout simulation results of the charge pump under varying loads and clock

frequencies: (aPutput power and efficiency comparison; (b) Ripple voltage and startup time

comparison.

In order to evaluate the performance of the charge pump module under various
continuous current delivery scenarios, simulations were conducted with different redisaaisce
(30 q, 100 q, 300 -6))MHzy Thkse fsimdagjanse ainted ® providel &
deeper understanding of the module's behavior under diverse conditions. The outcomes of the
simulations, which include output power, efficiency, ripple voltaged atartup time, are
illustrated inFigure 58(a) andFigure 58(b). Startup time, a critical parameter for the charge
pump's performance, idefinedas the duration required to achieve 90% of the final output
voltage. The results reveal that the power conversion efficiency experiences a detimmad
intensifies. The control frequency playsianportantrole in power conversion efficiency as well,
with the peak efficiency generally observed at or near the frequency corresponding to maximum

power generation. Additionally, the optimal contra@duency igelated tahe resistance load, as
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increased control frequencies are needed to reach the highest output powércantkloads.

It is also noted that ripple diminishes with the rise in control frequency. The charge pump's
startup typicalyocur s i n under 3 e€s, taking approxi mat
swift startup time demonstrates the charge pump module's ability to quickly respond to varying

operational demands.

(B) High Voltage Level Shifter

20 5.76 ns 8.72ns 7
—> = —
17 : : 1.4
15 [ - 1.2
I X '
13 I X Lo
I _ I '
! | Output(high) 1! 08 2
= 20 1 I =
o 1 B Input(low) X 0.6
I X
5.0 1 I s
| |
30 | | 0.2
1.0 : : 0.0
s L L INLIN L LIS L LA LI L LI LI LI LI LI LI L L L L LI L L L 0l
0.6 0.68 0.76 0.84 0.92 1.0 1.08

time (us)

Figure 59 Postlayout transient simulation result of the HVLS.

In the postlayout simulation of the HVLS, a 1/MHz clock signal was utilized as the
input, aligning with the application scenario of driving a-MBz square wave. The p@w
supply voltages Wo., Voor, and \ssywere configured with values of 3.7 V, 18.7 V, and 15 V,
respectively. This setupesults inna level shift from the low voltage domain-807 V) to the

high voltage domain (:%8.7 V). As illustrated irFigure 59, the simulation result showcases
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the rising and falling edges of the output waveform. The rising edge displays a delay of 5.76 ns,
while the falling edgexhibits a delay of 8.72 ns. When examinihgenergy consumption, the
rising edge necessitates 54.97 pJ, and the falling edge requires 55.22 pJ. As a result, the total

power consumption for the HVLS operatingwithalA51z c|l ock si gnal is 165

(C) VoltageControlled Oscillator

Figure 510 showsthe postlayout simulation results of the CSVCR@resentingits
frequencyvoltage characteristics. The output frequency range of the CSVCRO, corresponding to
a control voltage (Mn) varying from 0 to 2.6 V, spans between 4.25 MHz and 313.28 MHz. It is

important to note that the CSVCRO stop oscillating when tméral voltage (Vctrl) surpasses

2.6 V.
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Figure 510 Postlayout simulation results illustrating the frequenmftage characteristics of the

CSVCRO.
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Figure 511 The brief schematic of the ASIC chip pdayout simulation.

(D) Top Level

The ultrasound transducer employed in conjunction with the proposed ASIC chip was
produced by APC International, Ltd (PA, USA). Thisstomizedransducer features an-irim
diamete and is designed to operate at a single resonant frequency of 1.5 WEIZAPC
ultrasound transducer was equivalently represented using a ButteWeortbyke model in the
simulation, as shown iRigure 511, whose parameters were obtained from impedance fitiing.
the simulation, the clock frequency output from the CSVRO for the charge pump module was set
at 26.3 MHz.Figure 512(a) provides the entire chip pektyout simulation results, illustrating
the behavior of Wp and Vsw during the chip's startup phase. The charge pump's output voltage
reached a maximum of 16.25 V with a-M3ipple, and the startup time was measured at 2s3.
Looking intothe Vkp and Vsw waveforms reveals that the primary cause of therpple was

the inrush current to the loathstead othe charge pump's controlling clock.
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Figure 512 Postlayout simulation results depicting the output voltage waveforms for the charge

pump (VPP) and the HB driver (VSW) with power supplies of (a) 3.7 V and (b) 5 V.
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Table VIII presentghe full details of the simulation resulté the input power, output
power, and power efficiency of the different components, including the HB drive, tHeMC
booster converter, and the entire ASIC chip. Asdbee power management component in the
system, the charge pump was capable of delige89.2 mW to the load, achieving an energy
conversion efficiency of 36.86%. The remaining parts of the ASIC chip, encompassing the
digital circuit block, the VCO, the HVLS, and the gate driver, consumed approximately 2 mW in
total. To further evaluate thsystem's performance, the simulation was then repeated usikg a 5
power supply, and the resulting output waveform and power conversion efficiency are displayed
in Figure 512(b) andTableVIll, respectively. Under the power supply scenario, the charge
pump's output voltage reached a maximur@2b65 V with a 1.68/ ripple, and the startup time
was reduced to 1.74 ¢s. I n this apoverfoilgpbr at i or

mW to the loadwith anenergy conversion efficiency of 36.16%.

TableVIll Postlayout simulation performance results.

Power Component Direction| Power | Efficiency

) ) input 89.2

Halfbridge transducer drive 96.97%
output 86.5
input 241.9

3.7V DGDC booster converter 36.87%
output 89.2
] ] input 2435

Entire ASIC chip 35.52%
output 86.5

Component Direction| Power | Efficiency

) ) input 170.7

Halfbridge transducer drive 96.95%
output 165.5
5V input 454.8

DCDC booster converter 37.53%
output 170.7
) ) input 457.7

Entire ASIC chip 36.16%
output 165.5
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5.32 Test Results

After receiving the chip from the manufacturer, we developed the corresponding
peripheral circuit and conducted tests. All capacitors in the capacitor array of the peripheral
circuit were 4.f7nF X5R capacitors. For testing purposes, we employed a PZT transducer
manufactured by APC International, Ltd (PA, USA), characterized by a single resonance
frequency of 1.5 MHz and a radiating surface area of 0.95Wm2used an MFIA Impedance
Analyzer (durich InstrumentsZirich, Switzerland) to measure the impedance of the PZT

transducer, obtaining a result of 96,28 -25.3X at 1.5 MHz. To record output waveforms, we

utilized the Oscilloscope Tektronix TBS 2000, medsg the voltage on the load M), the

output voltage of the charge pumppef)/ and the current on the loado4d). A precision DC

power supply, Keithley 223180-3 (Keithley Instruments, OH, USA), was employedotwer

the systemwhich canprovide power dissipation data on its front paneb. measure the current
ontheload, weinserteda®@5 series resistor on the ground s
the voltage across iEigure 513(a) displays the waveforms measured with a 3.7 V power supply,

while Figure 513(b) shows the waveforms measured with a 5 V power supply. During the
testing process, the controlling voltage was adjusted to achieve optimal conditions. We measured
the ultrasound power outpwf the transducer usinthe ultrasound power meter URMT-

1000PA (OHMIC Instruments, MO, USA).
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Figure 513 Microseconescale waveforms depicting the voltage on the 1d4ekd), the output
voltage of the charge pump/'£p), and the current on the loakh{g) using power supplies of (a)

3.7Vand(b)5V.
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