
ABSTRACT

SONGKAKUL, TANNER PANITHAN. Wearable & Wireless Electrochemical Systems
for Continuous Correlated Biochemical Monitoring. (Under the direction of Dr. Alper
Bozkurt).

The widespread adoption of wearable biosensing devices has allowed for unprece-

dented insight into physiological metrics such as heart rate, activity level, and body

temperature. The availability of these metrics has the potential for increases in health

and well-being at both the individual and population level through individualized

medicine and telemedicine, early detection of changes in health status, and population

based monitoring and prediction. In a clinical setting, metrics such as heart rate are

supplemented by additional invasive biochemical measurements of analytes in blood,

sweat, or urine in order to give more complete insight into the individual’s health

status. However, non-invasive measurements of these biochemical biomarkers have

yet to be fully adopted into wearable devices for the general populations. Continuous

monitoring of analytes in easily accessible fluids such as sweat could provide valuable

information regarding an individual’s health status without bypassing the protective

barrier of the skin. By correlating these biochemical metrics with additional physiolog-

ical and environmental measurements, a complete picture of the individual’s health

status could be obtained with a single wearable device. In this research, wearable and

wireless electrochemical systems were designed to provide continuous and correlated

biochemical monitoring while addressing the functionality, reliability, and convenience

of these wearable biosensing systems.

First, a modular electrochemical system was designed to provide a biochemical

measurement platform for integration with novel sensing technology and correlated

multi-modal measurements in multiple use cases. Specifically, this modular system



was deployed for correlated sensing of tissue oxygenation, sweat lactate, sweat pH,

and skin temperature to track metabolic activity during exercise and for correlated

sensing of uric acid, lactate, pH, and skin temperature to track the healing of chronic

wounds. Second, the system hardware was optimized for low power consumption and

integrated with a zero-electrical power osmotic hydrogel and capillary paper channel

to address the issues of low sweat availability at rest and transport of sweat through

the system at high sweat volumes. Third, the system was optimized for ultra-low

power consumption and integrated with energy harvesting circuitry for battery-free

self-powered operation via energy harvested from the body and the environment.

The presented systems include the hardware, software, data aggregation, packag-

ing, and data analysis for deployment in benchtop and in-vitro studies for novel sensor

and energy harvester development as well as in-vivo studies for correlated biosensing.

The contributions of this research are: (1) enabling wearable, wireless, continuous,

and ultra-low power biochemical sensing, (2) system optimization via analysis of

parameters regarding effective functionality of wearable biochemical sensing, and (3)

integration of synergistic collaborative novel platforms for sweat extraction, energy

harvesting, and highly sensitive & specific sensing.
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Chapter 1

Introduction

1.1 Correlated Biochemical Biosensing

Wearable biosensing devices have the potential to revolutionize modern healthcare by

providing health data which could be used for optimized personalized care and for

prediction and prevention of medical incidents [8 –10]. Most current popular consumer

wearable devices only measure heart rate and activity, but Lim et al showed that even

these limited metrics are suf�cient to provide insight into clinical risk markers, exercise

induced cardiac remodeling, and behavioral patterns [11]. Photoplethysmography

(PPG) has also been shown to be able to detect arrhythmia [12]. By including more

specialized sensing devices to detect additional metrics such as SpO2, radiation

exposure, and skin temperature, Li et al were able to develop a personalized disease

detection algorithm for the onset Lyme disease, recognize physiological differences

between insulin-sensitive and insulin-resistant individuals, and distinguish exposure

changes brought about by particular environments [13]. Other studies have shown

that continuous monitoring with wearable biosensors can provide physiologically

relevant and actionable data, such as a study by Radin et al which was able to predict
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in�uenza-like illness from Fitbit resting heart rate and sleep quality indices [14].

Additional metrics which are not currently measured at a widespread level could

provide even more insight into human health and wellness.

One potential metric for non-invasive continuous measurement are the ions and

molecules present in bodily �uids which are involved in physiological processes and

can provide insight into a subject's physical and emotional health and wellness [15 –18]

(Fig. 1.1). Table 1.1 contains a number of analytes of interest which correlate with

physiological function. Many of these can be effectively measured with invasive single

point measurements in blood or other �uids, but non-invasive long-term measurement

of these analytes has proven to be more dif�cult [19]. These analytes are present in

a variety of biological �uids [1]. Table 1.2 shows the relative presence of various

types of analytes in selected bodily �uids, and Table 1.3 shows the advantages and

disadvantages of measuring various �uids.

One notable example of the potential utility of continuous biochemical monitoring

is continuous glucose monitors (CGMs) which are installed transdermally or subder-

mally to monitor glucose and have been shown to improve outcomes for diabetic

patients [20,21]. However, these CGMs require access to interstitial �uid (ISF), which is

Figure 1.1: Working principles of amperometric electrochemical measurement.
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more dif�cult to sample without invasive methods. For non-invasive systems, eccrine

sweat is of particular interest for metabolic state monitoring due to its relative ease of

access [22]. Similarly, wound exudate, also referred to as wound �uid, is a potential

target for evaluation of the healing status of a chronic wound [23].

Table 1.1: Analytes in bodily �uid and their functions

Analyte Function/Marker

H+ pH in sweat or blood determines acid-alkaline balance which can
damage skin or signify system issues.

Ca2+ Calcium levels can signify possible bone disorders or severe
parathyroid disorder

K+ Important for water balance as well as nerve and muscle function

Glucose universal metabolic marker

Lactate Metabolic marker of oxygen demand and supply

Urea Marker of protein breakdown and kidney function

Ethanol Alcohol consumption

Glycerol Triglyceride synthesis; thyroid function in conjunction with ke-
tone levels

O2 Blood oxygen levels

Dopamine Multiple dopamine pathways; reward-motivated behavior

Serotonin Affects mood, social behavior, appetite, digestion, sleep, memory
and sexual function

Glutamate Learning and memory function

Cortisol Hormone linked with stress

Acetylcholine Muscle function; autonomic nervous system modulation

Neuropepetide Y Involved in central and peripheral nervous system physiological
and homeostatic processes

Biochemical biosensing can be achieved by two main techniques: electrochemical

and colorimetric. Colorimetric biosensing involves incorporation of materials into
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Table 1.2: Comparative concentrations of analytes in bodily �uids. Reproduced from
[1]

Fluid Cations Anions Proteins Metabolites Nutrients

Saliva ++ +++ ++ - - - - - -
Urine ++ +++ - - +++ - - - -
Blood ++ ++ +++ +++ +++
ECF ++++ +++++ - - - ++ +
Tears ++ ++ - - - + +
Sweat +++ +++ - - + +

assays which react with the target analyte to visually transduce information about the

biochemical composition of the sample �uid via intensity of color change [24 –26]. Col-

orimetric systems have the advantage of being simpler, lower cost, and easier to use,

and do not necessarily require additional readout instrumentation [25]. Electrochem-

ical systems use recognition elements to produce a proportional electrical response

such as a change in voltage, current, or impedance [27]. While electrochemical systems

are more complex, require external readout instrumentation, and therefore require

electrical power to operate, they also provide higher sensitivity and linear dynamic

range, and are thus a promising area for development for continuous wearable sensing

[28].

Measuring a single biochemical analyte can provide useful information when

evaluating physiological state, but addition of multi-analyte and multi-modal met-

rics for correlated sensing and analysis could provide a more complete picture of

physiological state [29]. These could include temperature measurement, biophotonic

methods to capture changes in optical properties caused by system perturbations

such as heartbeats or changes in tissue oxygenation, biopotential methods such as

electrocardiography to measure electrical signals from the body, bioimpedance, or

other physiological metrics. Temperature and pH can be particularly vital for electro-
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chemical sensing, as many electrochemical techniques are reliant on enzymes as the

recognition element [1,30]. Enzymes have an optimum operating point in terms of pH

and temperature, but accurately measuring pH and temperature will still allow for

accurate measurement outside of the optimum point [1,30].

1.2 Working Principles of Electrochemical Biosensing

1.2.1 Potentiometric Sensing

Potentiometric sensing, also commonly referred to as open circuit potential (OCP) mea-

surement, utilizes 2 electrodes for measurement. To measure electrochemical change

in the system, one of the electrodes is typically comprised of a standardized material

with a known constant potential [31]. This is referred to as the reference electrode.

Common reference electrodes include normal hydrogen electrodes (Pt/H 2/H+), satu-

rated calomel electrodes (Hg/Hg 2Cl2/KCl), and silver-silver chloride (Ag/AgCl/KCl)

[30,31]. The other electrode is referred to as the working electrode or ion-selective elec-

trode (ISE) and functionalized with a recognition element which changes in potential

with concentration of the analyte [30].

To measure this potential difference, a op-amp buffer circuit is typically used to

create a high-impedance interface with the ISE [31]. In single ended voltage inputs, this

means that a virtual ground must be provided at the RE to ensure that a differential

measurement can be taken in the event that the voltage at the ISE is less than at the RE.

An operational ampli�er with low input bias current is preferable for this application.
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1.2.2 Amperometric Sensing

In amperometric electrochemical biosensing, henceforth referred to as amperometric

biosensing, the measurement to be quanti�ed is charge transport between an electrode,

which is an electronic conductor, and an electrolyte, which is an ionic medium.

The charge transported across the interface between the electrode and electrolyte is

stoichiometrically related to the electrons generated from reactions between analytes

in the solution and the electrode as well as the bias voltage which allows the electrons

to cross the interface [30]. This current �ow can then be correlated with analyte

concentration (Fig. 1.2).

Figure 1.2: Working principles of amperometric electrochemical measurement.

In a two-electrode amperometric system with non-equal potentials, half reactions

occur at both electrodes. One of these is the aforementioned reference electrode. The

working electrode is functionalized such that chemical reactions occur in the presence

of a desired analyte. For a negative bias potential with respect to the reference,

electrons �ow from electrode to solution, so a reduction current �ows. For a positive

bias potential, the electrons �ow in the opposite direction from solution to electrode,

so an oxidation current �ows. This measured current as a function of bias voltage is
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the basis of amperometric biosensing.

A potential issue when carrying out amperometric biosensing with two-electrode

systems is that current �ow through the reference electrode can cause charge transfer

or other changes at the electrode-electrolyte interface and therefore create a non-

constant reference potential. This can be mitigated by introducing a third electrode,

referred as a counter electrode, which acts as a current sink. Measurements are then

taken between the working and reference electrodes (Fig. 1.3).

Figure 1.3: Basic functioning of a potentiostat in a 3-electrode electrochemical cell.
(Reprinted from [3]) (CC BY 3.0)

The potentiostat is a vital piece of the amperometric electrochemical measurement

system. The potentiostat maintains the desired bias voltage across the working and

reference electrode and measures the current through the counter electrode (also

referred to as the auxiliary electrode). The potentiostat is made of 3 main components:

a control ampli�er, an electrometer, and a current to voltage converter. The control

ampli�er uses negative feedback to maintain the bias voltage at the reference and

counter electrodes by driving current into the cell to match the desired bias voltage.

One of the feedback inputs to the control ampli�er is the electrometer, which measures
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the potential difference between the reference and working electrode. Ideally, the

electrometer has in�nite input impedance such that no current �ows through the

reference electrode. The working electrode is also connected to the current to voltage

(I/E) converter, which can take the form of a differential measurement across a resistor

or a transimpedance ampli�er circuit.

Measuring the current while holding the bias potential constant is referred to

as chronoamperometry (CA). Alternative amperometric techniques include linearly

varying the bias potential back and forth between two potentials (cyclic voltammetry

(CV)), changing the bias potential stepwise and measuring the stable current (stair-

case voltammetry), changing the bias potential stepwise with a superimposed pulse

(differential pulse voltammetry (DPV)), and a subset of DPV referred to square wave

voltammetry (SWV) in which the pulses are superimposed onto a staircase with a

constant potential between the base potential and each step [32].

1.3 Working Principles of Biophotonic Biosensing

Biophotonic biosensing is one of the most commonly available methods for wearable

biosensing, and provides data which can be correlated with measured biochemical

data for a more comprehensive multi-modal system. To measure a biophotonic signal,

a light emitting source such as a laser, laser diode, or light emitting diode (LED)

injects photons into tissue. This light is typically green, red, or infrared, with different

wavelengths penetrating to different depths of tissue [4]. The photons are absorbed

or scattered such that some subset of them arrive at the detector, which is typically a

photodiode but could also be an avalanche photodiode or silicon photomultiplier if

higher sensitivity is required.
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Figure 1.4: Photoplethysmography in the (a) re�ective and (b) transmission measure-
ment schemes and (c) the underlying waveform of the PPG signal. (Reprinted from
[4]) (CC BY 3.0)

1.3.1 Photoplethysmography

In photoplethysmography (PPG), light attenuation through tissue is measured over

time [4,5]. As blood is pumped through vessel in tissue, the change in blood volume

corresponds with the R-peak of the heartbeat (Fig. 1.4). Figure 1.5 shows the PPG can

thus be used to measure heart rate, which can be a key indicator of cardiovascular

health as well as a correlate for metabolic status monitoring [4]. The respiratory rate

can also be determined by the slower varying oscillations superimposed on the PPG

signal [33].

1.3.2 Near-Infrared Spectroscopy

High absorption from water and chromophores in tissue can prevent biophotonic

sensing from effectively gathering useful information about the human body. However

there exists “optical windows” in between the absorption peaks of the chromophores

at short wavelengths and the absorption peaks of water at longer wavelengths at
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Figure 1.5: Correlation of PPG with R-R interval of the heartbeat. (Reprinted from
[5]) (CC BY 4.0)

which tissue is relatively transparent to light [34,35]. One of these windows is between

650 and 950 nm, which is within the spectrum of near-infrared light [34,35].

Near-infrared light is also very useful due to the nature of the absorption spectra of

oxygenated and deoxygenated hemoglobin. Hemoglobin is a molecule in blood which

binds to oxygen for transport. Binding to oxygen changes the absorbance spectra of

the hemoglobin molecules, with measurable differences in the spectra found between

400 nm and 1200 nm [36]. In the near infrared range, we see that there is an isosbestic

point at approximately 805 nm where the absorption of oxygenated hemoglobin (HbO,

sometimes referred to as O2Hb or HbO 2) becomes greater than the absorption of

deoxygenated hemoglobin (Hb, sometimes referred to as HHb or dHb) [36]. The

combination of the optical window and the differences in Hb and HbO absorption

spectra in the range is the basis of near infrared spectroscopy (Fig. 1.6).

The general aim of near-infrared spectroscopy (NIRS) is to determine the relative

or absolute concentration of a chromophore. To achieve this, photons are emitted
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Figure 1.6: Absorption spectra of oxygenated and deoxygenated hemoglobin.
(Reprinted from [6]) (CC BY 4.0)

from a near-infrared source at 2 or more wavelengths and pass through the tissue,

undergoing various scattering and absorption interactions. Some percentage of these

photons exit the tissue and reach the detector such that the attenuation can be

quanti�ed. These detector measurements are then used to calculate the relative or

absolute concentration of the desired chromophores [35]. The method used to calculate

change in chromophores is described later in this report.

Continuous Wave (CW) NIRS is the simplest implementation of NIRS, involving

a single paired source and detector. These spectrometers use 2 or more wavelengths

of near-infrared light in order to capture changes in absorbance of Hb and HbO.
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However, CW fNIRS is only capable of determining relative changes in chromophore

concentrations. This is because we can observe the attenuation of photons between

the source and detector, but have no way to determine the actual path of the photons

or distinguish absorption from scatter [35, 37]. Despite only being able to calculate

relative concentration, CW spectroscopy is widely used due to its low cost and low

complexity [37]. Furthermore, these CW fNIRS devices are easily miniaturized and

thus suitable for wearable applications [37].

1.4 Scope and Organization

1.4.1 Dissertation Objective

This dissertation will communicate the design, development, and validation of low-

power wireless wearable multi-modal electrochemical biosensing systems designed to

provide continuous correlated biochemical biosensing while improving on metrics of

reliability and human factors and providing a testbed to improve the functionality of

wearable electrochemical sensing technologies. These systems have the potential to

improve systems functionality, electronics reliability, and human factors/ergonomics

to propel these wearable sensing devices beyond the con�nes of benchtop testing. The

aims of this dissertation can be summarized as follows:

• Enabling a wearable, wireless, ultra-low power electrochemical sensing platform

through hardware, software, and data aggregator design and development.

• System optimization via analysis of various performance affecting parameters

such as power, sampling rate, transmission rate, sensitivity, noise immunity,

measurement accuracy, size, and cost.
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• Integration and interfacing of this platform into synergistic collaborative novel

platforms for sweat extraction, energy harvesting, highly sensitive and speci�c

sensing, and conformable substrate-based circuit system manufacturing.

Figure 1.7: Development goals for the proposed wearable electrochemical biosensing
systems.

First, a modular and recon�gurable electrochemical sensing system was developed

for integration with novel multi-modal sensing platforms and for deployment in mul-

tiple studies for correlated measurement of physiological parameters. These include

correlated sensing of lactate, pH, skin temperature, and local tissue oxygenation to

monitor metabolic status, and correlated sensing of lactate, uric acid, pH, and skin

temperature for chronic wound monitoring.

Second, a lightweight, �exible, and ultra-low power system was developed and

integrated with novel zero-electrical power osmotic sweat extraction to address issues

of low sample volumes at rest and accumulation of sweat at the sensing site over time.

The goal of this investigation was to develop an ultra-low power wearable system

capable of active sweat extraction and continuous sweat analysis at all dynamic sweat

conditions from rest to high-intensity exercise.

Finally, the developed wearable electrochemical system was optimized for use

with energy harvesting systems. This system maintains the ability of the system to
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collect and transmit multi-modal correlated amperometric, potentiometric, motion,

and temperature data, but removes the necessity of a battery to create a fully self-

powered system. A proof-of-concept system was developed with ultra-low power

consumption and optimized software, as well as harvesting circuitry for integration

with energy harvesters.

The contribution of this research includes hardware design, software development,

size optimization, power optimization, and noise optimization of these multi-modal

wearable electrochemical systems as well as integration with novel sensors and sam-

ple collection mechanisms to form complete novel wearable biosensing systems for

correlated sensing.

1.4.2 Dissertation Structure

A discussion on the state of the art of existing wearable wireless electrochemical

biosensing platforms can be found in Chapter 2. The following chapters will describe

the developed wireless wearable electrochemical platforms. Chapter 3 describes the

design of a modular and recon�gurable system which incorporates multi-modal

electrochemical sensing as well as additional modules for biophotonic and multi-

analyte sensing. The biophotonic and multi-analyte con�gurations of this system

were validated in benchtop tests, and proof-of-concept data was gathered on human

subjects during high-intensity exercise conditions.

Chapter 4 describes the design, validation, and deployment of a �exible electro-

chemical patch with osmotic capillary sweat harvesting to form an ultra-low power

fully-integrated sweat monitoring and extraction platform. This system was validated

on the benchtop against a gold-standard benchtop potentiostat, and proof-of-concept

data was gathered on human subjects in rest, medium-intensity exercise, and high-
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intensity exercise conditions.

Chapter 5 describes hardware and software optimization and incorporation of

energy harvesting techniques applied to the systems described in Chapter 3 and 4

to create a fully self-powered and battery-free wearable electrochemical biosensing

system. The sensing front end and harvester were characterized, and proof of concept

data was obtained in benchtop validation tests with energy being harvested from the

environment in varying light and temperature conditions as well as in-vivo harvesting

from a human subject in various stationary and movement conditions.
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Table 1.3: Advantages and disadvantages of sampling various bodily �uids. Adapted
from [2]

Source Location Advantages Drawbacks

Apocrine
Sweat

Underarm,
groin

Sweat volume, noninvasive and
continuous measurements possi-
ble

Locations on body may affect
mobility/comfort, limited loca-
tions on body.

Blood In the body Well validated technology Cannot be measured continu-
ously and in real-time without
invasive measures.

Eccrine
Sweat

Pores
distributed
across
skin (>100
glands/cm 2)

Noninvasive, continuous mea-
surements possible without in-
truding on athlete mobility

Skin contamination, dried sweat
on the glands, low-sampling
rates, sample volumes at rest.

Urine Bladder Sample volume, ease of access Noninvasive, continuous mea-
surements are not possible

Saliva Mouth Sample volume, ease of access Limited to sports which require
or necessitate mouth-guard de-
vices. Point-of-care (POC) de-
vices currently developed in lit-
erature do not permit continu-
ous measurements.

Tears Eyes Noninvasive measurement pos-
sible

Sample volume, continuous mea-
surements not possible over long
duration, limited biomarkers can
be detected, athlete comfort and
safety

Interstitial
Fluid

Interstitial
space

Contains biomarkers of physio-
logical signi�cance

Can dif�cult to access and sam-
ple continuously
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Chapter 2

Review of State of the Art in Wearable

Electrochemical Biosensing

A true wearable wireless electrochemical biosensing system allows for biochemical

monitoring in naturalistic conditions as well as much lower obstacles to use for the

user. Many wearable sensing systems described in literature utilize a conformable

patch or tattoo sensor, but require a wired connection to a bulky and expensive

benchtop potentiostat for signal conditioning and measurement, thus severely limiting

the ability for such sensors to be used outside of a laboratory setting [38 –41]. Though

these systems contain many innovations in enzyme chemistry, material integration, or

sensing methods, they are not fully wireless wearable systems and are thus outside

the scope of this review.

Similarly, colorimetric systems which do not require the use of transducing electron-

ics have advantages (simplicity, cost, form factor) and disadvantages (lower sensitivity,

linear dynamic range, lower time resolution) when compared to electrochemical

systems [24,25], but are outside the scope of this review.

Biochemical monitoring in bodily �uids such as saliva, tears, urine, and apocrine
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sweat for various applications have been investigated in novel form factors such

as contact lenses [42] and mouth-guards [43, 44]. Two main targets for wearable

electrochemical biosensing in this work are eccrine sweat sensing and chronic wound

�uid monitoring due to accessibility of the relevant bodily �uid and the multitude

of relevant biomarkers present in those �uids [1]. Additionally, these targets were

chosen for their potential impact in metabolic monitoring, diet management, chronic

wound healing, and medication adherence [22,45–47]. Interstitial �uid (ISF) is also a

target �uid of interest for many of these applications, but ISF accessibility and sample

volumes are concerns for these systems [19].

2.1 Wireless Wearable Sweat Sensing Systems

Wearable wireless systems for electrochemical biosensing have been widely investi-

gated. An early Na+ monitoring system from Bandodkar et al consisted of tattoo form

factor device interfaced to a rigid circuit board which was placed into an armband for

use in cycling experiments [46]. Similar systems have been demonstrated for lactate

monitoring [48,49].

Sensing performance of such systems can be increased by incorporation of mi-

cro�uidics to ensure that fresh sweat is driven through the system over time to avoid

accumulation of old sweat on the sensor, as well as an outlet site to allow old sweat

to leave the system through evaporation or other means [17]. Examples include a

micro�uidic passive pump system with integrated Na+ sensing [50] and K+ sensing

with a folded paper micro�uidic device [51]. Incorporation of a micro�uidic chan-

nel also allows for sweat rate measurement by monitoring the impedance of the

micro�uidic channel, as demonstrated by Nyein et al, wherein a polydimentylsiloxane

(PDMS) spiral micro�uidic channel was integrated with electrodes for impedance
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measurement as well as ISE for correlated sensing of sweat rate and Na [52]. Table 2.1

shows single-analyte sweat sensing devices presented in literature.

Table 2.1: Single-analyte wireless wearable electrochemical biosensing systems.

Reference Technique Analyte Communication Form Factor Average
Power
Consumption

Bandodkar et
al, 2014 [46]

OCP Na+ BLE Tattoo + Arm
Band

Not reported

Matzeu et al,
2016 [50]

OCP Na+ ZigBee Wireless Armband Not reported

Jeerapan et al,
2016 [53]

Biofuel Lactate BLE Stretchable BFC
+ Commercial
Ampli�er

Not reported

Dieffenderfer
et al, 2017
[48]

CA, CV Lactate BLE Patch 8 mW

Tai et al, 2020
[54]

CA Nicotine BLE Patch Not reported

Liang et al,
2021 [51]

OCP K+ BLE Patch 3.7-6.4 mW

Gillan et al,
2021 [49]

CA Lactate BLE Patch 12 mW

Escobedo et
al, 2021 [55]

Colorimetric
+ Digital
Color
Sensing

H+ BLE Watch 16 mW

Lim et al,
2021 [56]

Transducer Na BLE Miniaturized
Patch

Not reported

Multi-Analyte and Multi-Modal Systems

Multi-modal wireless wearable electrochemical sensing systems contain multiple

biosensing elements, allowing for correlated sensing of multiple analytes and/or

alternate sensing modalities, thereby providing a more complete picture of the physio-

logical state of the subject. An example from Gao et. al demonstrates �exible circuit

19



integration into a wristband for amperometric measurement of glucose, lactate, tem-

perature, sodium, and potassium [57]. In our previous work, we integrated lactate,

glucose, pH, and temperature sensing into a watch form factor, with multiplexed WE

for the amperometric sensing for increased accuracy and redundancy [45]. Novel form

factors for multi-analyte sweat sensing such as eyeglasses have also been reported

[58]. Several devices combine multi-analyte sensing with micro�uidics, such as a

potentiometric pH, Na+, and lactate sensing system with a micro�uidic paper channel

[59], soft micro�uidic lactate and glucose sensing [60], and micro�uidic patches for

potentiometric detection of Na+ and K+ [61,62].

Combining electrochemical data with other sensing modalities can provide even

more relevant and comprehensive monitoring. Imani et al integrated ECG electrodes

and lactate sensing into a single conformable sensor, allowing for correlated real-time

measurement of sweat lactate and heart rate [63]. Pan et al incorporated �exible circuit

design for increased conformability, and included both ECG and PPG for biopotential

and biophotonic monitoring as well as amperometric glucose and potassium sensing

into a �exible multi-modal patch [64]. Similarly, Yang et al incorporated strain and

temperature sensors with uric acid, tyrosine, and sweat rate sensors [65]. Gil et al

reported an ear worn sensor with ECG, lactate, and pH measurement [66]. Table 2.2

contains multi-analyte and multi-modal sweat sensing devices presented in literature.

To our knowledge, bioimpedance and alternate biopotential measurements such

as EEG, EMG, and EOG as well as have not been integrated with electrochemical

measurement in an integrated wearable system Similarly, hybrid electrochemical-

biophotonic systems using more advanced biophotonic metrics such as pulse oximetry

or NIRS have not been reported. Correlated measurements using multiple metrics

such as using ECG and PPG to �nd blood pressure and circulation related metrics

such as pulse arrival time or pulse transit time have also not been reported.
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Table 2.2: Wireless wearable electrochemical systems for multi-analyte and multi-
modal biosensing.

Reference Technique Analyte Communication Form Factor Power
Consumption

Gao et al,
2016 [57]

CA, CV Glucose,
lactate, K+,
Na+

BLE Wristband Not reported

Sempionatto
et al, 2017[58]

CA, OCP K+, lactate BLE Eyeglasses Not reported

Martin et al,
2017 [60]

CA Glucose,
lactate

BLE Patch Not reported

Sempionatto
et al, 2018
[61]

OCP Na+, K+ BLE Patch Not reported

Alizadeh et
al, 2018 [62]

OCP Na+, K+ BLE Patch Not reported

Yokus et al,
2020 [45]

CA, CV Glucose,
lactate, pH

BLE Watch 15 mW

Imani et al,
2016 [63]

CA, ECG Lactate BLE Patch 15 mW

Gil et al, 2019
[66]

CA, OCP,
Motion,
ECG

Lactate,
pH

BLE Ear 30 mW (measur-
ing), 45 mW (trans-
mission

Yang et al,
2020 [65]

CA,
Sweat
Rate,
Temperature,
Respiration

Uric Acid,
Tyrosine

BLE Patch 99.1 mW

Pan et al,
2021 [64]

CA, OCP,
ECG, PPG

Glucose,
K, Na

BLE Patch 5.365 mW

Li et al, 2022
[67]

CA, ECG Glucose BLE Patch Not reported

Systems with Integrated Sweat Extraction

Eccrine sweat availability is extremely low to nonexistent at rest, which is a limit to the

viability of these systems for continuous sweat monitoring [19]. In practice, this means

that the majority of reported devices require sweat induction via physical exertion,

high temperature exposure [68], or ingestion of sweat stimulation agents [69]. An

alternative sweat extraction method which can be integrated into wearable biosensing

systems is iontophoresis, in which current is applied to tissue to induce sweating. This
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is typically applied in one of two methods: iontophoretic delivery of sweat inducing

drugs such as pilocarpine under the skin, and reverse iontophoretic extraction of ISF

[70]. The main downsides to these types of systems are that a relatively large amount

of electrical power is required for iontophoresis, and the sweat stimulating drugs must

be replenished [19].

A notable commercial attempt at a wireless wearable glucose sensing system

was the Glucowatch Biographer, which utilized reverse iontophoresis to extract and

measure glucose in ISF [71]. However, this system suffered from contamination from

sweat extracted by reverse iontophoresis, and was recalled by the FDA for causing

skin irritation [72]. Similar systems utilizing reverse iontophoresis for �uid extraction

were reported for simultaneous monitoring of glucose in ISF and alcohol in sweat

[73]. A multitude of systems with integrated iontophoresis for delivery of pilocarpine

during measurement have been reported [74–77].

Osmotic hydrogels have been demonstrated for use in extraction of sweat at rest

without requiring sweat induction [78]. A wireless electrochemical system has been

reported for hydrogel sweat extraction through the �ngertip for caffeine or lactate

sensing and �ngerprint validation, but was not used for continuous monitoring [69].

Table 2.3 contains wireless wearable electrochemical systems with integrated sweat

extraction presented in literature.

Battery Free, Energy Harvesting, Self-Powered Systems

A major downside of wirelessly enabled wearable systems is that they typically require

the use of a bulky power source such as a Lithium Polymer (LiPo) battery, typically

due to the high power requirements of a wireless radio. The size and weight of these

power sources, coupled with the requirement for periodic recharging, represent an
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Table 2.3: Wireless wearable electrochemical systems with integrated sweat extraction.

Reference Target
Analyte(s)

Electrochemical
Technique

Communication Sweat
Extraction
Method

Sweat
Extraction
Current

System
Power
Consumption

Tierney et al,
2001 [71]

CA Glucose LCD Display Iontophoresis 0.6 mA Not reported

Kim et al,
2016 [74]

Ethanol Amperometric BLE Iontophoresis 0.6 mA Not reported

Emaminejad
et al, 2017
[75]

Na+, Cl+,
Glucose

Amperometric,
Potentiometric
(2 channels)

BLE Iontophoresis 1 mA Not reported

Kim et al,
2018 [73]

Ethanol
(sweat),
Glucose
(ISF)

Amperometric
(6 channels)

BLE Dual
Iontophoresis

0.8 mA 30 mW
(iontophoretic),
6 mW
(sensing only)

Hojaiji et al,
2020 [76]

Glucose Amperometric BLE Iontophoresis 0.6 mA Not reported

Lin et al, 2020
[69]

Caffeine Amperometric
and Biometric

BLE Hydrogel 0 mA Not reported

Paul et al,
2021 [77]

H+, K+,
Na+

Potentiometric
(3 channels)

BLE Iontophoresis 1.3 mA Not reported

obstacle to long-term uninterrupted monitoring and user adoption [79]. Battery free,

energy-harvesting, and self-powered systems have been proposed as solutions to this

issue [80].

Battery-free electrochemical systems either use an alternative power storage de-

vice such as a supercapacitor and/or wireless energy transmission as an alternative

power source. Lu et al demonstrated a wearable system using micro supercapacitors

to store energy [81]. A commonly used technique is near-�eld communication, in

which radio-frequency (RF) coils are used to transfer energy between a reader such

a cellular phone and the wearable device. The same link can be used to transfer

measured electrochemical data from the wearable device to the reader. Because they

do not require a battery, these systems are typically realized in low-pro�le adhesive

patches, and have been demonstrated for potentiometric measurement of Na+ [82],

transduction of lactate levels using organic electrochemical transistors [83], and am-
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perometric/potentiometric measurement of glucose, Na+, and K+ [84]. NFC powered

electrochemical systems have also been integrated with colorimetric and volumetric

sensors for monitoring of lactate, glucose, Cl-, pH, sweat rate, and sweat loss to form

a fully integrated �exible sweat monitoring patch [85].

Energy harvesting systems attempt to circumvent the requirement for charging

of the on-board battery by harvesting energy from the environment or from the user,

creating fully self-powered systems. Zhao et al demonstrated a smartwatch with

integrated photovoltaic cells to harvest solar energy, charge a battery, and power an

amperometric glucose sensor, microcontroller, and E-ink display [86]. Alternative

power sources such as motion using triboelectric nanogenerators (TENGs) [87] and

body heat via thermoelectric generators (TEGs) [88] have also been explored. A notable

direction of research for self-powered devices has been biofuel cell (BFC) devices,

which use electrochemical reactions to generate electrical power, which are notable

because the electrical power is also dependent on the level of the analyte, meaning

that the power source can also act as the sensing mechanism [89]. Self-powered BFC

powered devices have been demonstrated in �nger patch [90] and e-skin [91] form

factors. Multi-modal harvesting from multiple power sources could maximize the

amount of power available for continuous monitoring. Yin et al presented a microgrid

system with integrated harvesting from TEG, BFC, and solar power sources [92]. Table

2.4 contains a review of battery-free, energy harvesting, and self-powered wireless

wearable electrochemical systems found in literature.

2.2 Wireless Wearable Wound Monitoring Systems

A variety of wireless wearable patches, also referred to as smart bandages, for wound

monitoring have been explored utilizing similar techniques as sweat monitoring
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Table 2.4: Battery-free, energy harvesting, and self-powered wireless wearable elec-
trochemical systems.

Reference Technique Analyte Power Source Communication Energy Storage Form Factor System
Power Consump-
tion

Rose et al,
2015 [82]

POT Na+ RFID/NFC RFID/NFC None Patch 500 mW read RF
power

Currano et al,
2018 [83]

Organic
Electro-
chemical
Transistor

Lactate NFC NFC 700 uAh thin
�lm lithium ion

Patch 2-4 mW

Bandodkar et
al, 2019 [85]

Biofuel,
colori-
metric,
volumet-
ric

Lactate, glucose,
Cl-, pH, sweat
rate, sweat vol-
ume

NFC NFC None Patch Not reported

Xu et al, 2019
[84]

CA, OCP Glucose, Na+,
K+

NFC NFC None Patch Not reported

Cheng et al,
2021 [93]

DPV Cortisol NFC NFC None Patch Not reported

Lu et al, 2019
[81]

CA, OCP Glucose, Lactate Not Reported WiFi Micro
Supercapacitor

Patch Not reported

Zhao et al,
2019 [86]

DPV Glucose Solar Text display Zn-MnO2 Bat-
tery

Watch Not reported

Guan et al,
2019 [88]

OCP Lactate Thermoelectric
(TEG)

BLE Capacitor Patch Not reported

Song et al,
2020 [87]

OCP Na+, pH Motion
(FTENG)

BLE Capacitor Patch 0.726 mW

Yu et al, 2020
[91]

CA, OCP Urea, NH4+,
glucose, pH

Biofuel Cell BLE None Patch 0.027 mW

Yin et al, 2021
[90]

BFC Lactate BFC, Piezo Text display Supercapacitor Finger Patch Not reported

Yin et al, 2021
[92]

OCP Na+ TEG, BFC, Solar Text display Supercapacitor Watch 4 mW

devices, with similar need for multi-modal sensing to accurately re�ect the state of

the chronic wound but decreased requirement for �uid extraction due to accessibility

of wound exudate[23,94]. These systems are typically in a multi-modal patch form

factor with either BLE or NFC communication to provide wireless data transmission

capability. Key analytes of interest for these devices include pH, uric acid, oxygen,

uric acid, sodium, potassium, and calcium. Table 2.5 shows a selection of these devices

in literature.
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Table 2.5: Wireless wearable electrochemical systems for chronic wound monitoring.

Reference Technique Analyte Communication
Guinovart et al,
2014 [95]

OCP pH BLE

Kassal et al,
2015 [96]

CA Uric Acid RFID/NFC

Mostafalu et al,
2015 [97]

CA Oxygen Xbee

Farooqui et al,
2016 [98]

OCP pH BLE

RoyChoudhury
et al, 2018 [99]

CA Uric Acid BLE

Mostafalu et al,
2018 [100]

OCP pH BLE

Pal et al, 2018
[101]

CA, OCP Uric Acid, pH BLE

Songkakul et al,
2019 [7]

CA, CV Uric Acid BLE

Liu et al, 2021
[102]

OCP Na+, K+, pH,
Ca2+

BLE

26



Chapter 3

Modular Wearable System for

Continuous Correlated Multi-Modal

Biochemical Monitoring
1

3.1 Background & Motivation

Wearable biosensing can increase user health and wellness by providing continuous

monitoring of key physiological parameters, thereby allowing for short and long

term detection of deviation from baseline states [8 –10]. By incorporating wireless

communication, these devices can synchronize sensed parameters to a data aggregator

without tethering the patient and interfering with their daily life, thereby allowing

for monitoring in naturalistic environments [9]. A variety of commercial wireless

wearable biosensing systems are available for monitoring of medical patients as well

as for consumers for health and lifestyle monitoring. However, with a few notable

1©2019 IEEE. Parts of this chapter are reprinted with permission from T. Songkakul et al., “Towards
a Long-Term Multi-Site Electrochemical Wound Monitoring System,” in 2019 IEEE SENSORS, 2019, vol.
2019-October, pp. 1–4, doi: 10.1109/SENSORS43011.2019.8956636.
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exceptions, these commercial systems are limited to motion, temperature, biophotonic

and biopotential sensing, and for the most part are targeted towards monitoring

activity level and cardiac function.

Wearable biochemical systems are available in the form of continuous glucose

monitors (CGMs), which utilize transdermal or subdermal implants to measure glu-

cose levels in tissue [20,21]. While these systems are invasive, they have demonstrated

that continuous biochemical biosensing can improve outcomes over more intermittent

sampling [20,21]. Similar systems have been proposed to monitor analytes in intersti-

tial �uids, but still require the use of microneedles to bypass the skin barrier [103].

Non-invasive wearable biochemical monitoring systems for continuous physiological

monitoring could have similar bene�ts without breaching the skin barrier.

Bodily �uids such as sweat and wound �uid contain a multitude of analytes

which can be used for continuous physiological monitoring [1]. Monitoring these

analytes in bodily �uid presents many challenges in development such as sensor

sensitivity, selectivity, and stability, as well as sample collection [104]. At the system

level, challenges exist in miniaturization, ergonomics, human factors, and reliability,

necessitating the development of wireless, low-power, �exible/conformable, and low-

cost systems which can seamlessly integrate with electrochemical sensors and sample

collection mechanisms [15–18].

Eccrine sweat is secreted from pores on the skin, is easily accessible, and contains

many relevant analytes for physiological monitoring, thereby representing an attractive

target for non-invasive monitoring [15 –18]. Correlated monitoring of multiple analytes

and multiple modalities could allow for a more complete picture of the subject's health

status. Additional metrics such as pH measurement and temperature measurement, in

addition to being biomarkers in their own right, can increase accuracy of sensing, as the

attributes of the enzymatic sensing methods that many of these devices utilize change
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properties based on the pH level and temperature of the measurement solution [1,30].

Many wireless wearable electrochemical systems have been reported for monitoring

of multiple analytes in both rigid and �exible form factors [45,57,58,61,62].

To further illuminate the relationships between biochemical markers and physio-

logical status, hybrid multi-modal electrochemical systems with additional sensing

modalities such as impedance sensing for sweat rate, ECG for measurement of biopo-

tentials from heartbeats [63,66,67] and PPG for measurement of pulse characteristics

in tissue [64] have been reported. These systems are relevant for metabolic monitor-

ing, as cardiovascular activity can be a marker for physical exertion, which can also

be measured by changes of analytes in sweat [105]. A multi-modal systems could

therefore provide increased information by correlating deeper hemodynamic and

biochemical measures.

A known relationship between biochemical biomarkers and tissue hemodynamics

is the link between lactic acid and oxygen debt [106]. During normal aerobic condi-

tions, glucose is converted to pyruvate, which is used to generate ATP via oxidative

phosphorylation [107]. However, when there is a lack of oxygen available, anaerobic

glycolysis is required which reduces pyruvate to lactate to regenerate NAD+ in order

for the glycolsis process to continue to supply ATP [107]. Lactate is understood to be

a link between the aerobic and anaerobic pathways, and has been widely observed to

accumulate in periods of muscle fatigue, low oxygen availability, injury, and illness,

though the exact mechanisms are still under debate [105,108–110].

An alternate biophotonic technique for monitoring of local tissue oxygenation is

near infrared spectroscopy (NIRS), in which light in the near-infrared spectrum is

emitted into tissue, and the relative attenuation of each wavelength is measured by a

detector [36]. In its simplest implementation, known as continuous wave (CW) NIRS,

the relative change in concentration of oxygenated and deoxygenated hemoglobin can
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be calculated using the modi�ed Beer-Lambert Law (mBLL), which can be measured

in skeletal muscle [111]. CW NIRS for muscle oxygenation has been implemented in

wearable form factor systems, but these systems are relatively bulky and expensive,

and do not integrate biochemical measurement [112–115]. Blood lactate monitoring

combined with NIRS muscle oxygenation has been studied in various exercise studies,

and correlations between oxygenated hemoglobin, deoxygenated hemoglobin, total

tissue oxygenation, and blood lactate have been observed [112, 116–120]. Hybrid

electrochemical and NIRS monitoring could be used to non-invasively correlate local

tissue oxygenation and biomarkers of metabolic stress in sweat such as lactate in

different test conditions and further, but no such system exists [105]. Such a system

could also be used to directly measure both tissue perfusion and sweat lactate in

applications where sweat lactate has been proposed as marker of a tissue perfusion

such as detection of pressure ischemia, peripheral arterial occlusion disease, cystic

�brosis, panic disorder, and Frey's syndrome [110,121,122].

Another area of investigation for continuous biochemical sensing is monitoring

of chronic wounds, which affects 5.7 million people in the US alone [123]. Effective

evaluation of chronic wounds can reduce healing time, preserve tissue function,

minimize scarring, and reduce the risk of complications [124]. Wearable monitoring of

chronic wounds could improve treatment outcomes by providing additional metrics

which can be used to evaluate healing progress and understand the healing process.

Some of the metrics currently used to assess wound status and comorbidities

include physical measurements such as temperature and blood pressure, biological

tests such as white cell count, as well as biochemical tests for biomarkers such as

urea and electrolytes [125]. More recently, uric acid has been correlated with wound

severity [126], and strongly hypothesized to be involved in the in�ammatory mediation

pathway [127]. pH, measured indirectly through uric acid concentration or directly
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by traditional techniques, has also been shown to correlate with the current status of

the wound, where the wound area moves from alkaline to acidic with healing [128].

Lactate is another analyte of interest, as it is believed to be associated with wound

healing [129]. "Smart bandage" systems have been proposed to provide point-of-care

measurements of various biological markers and physiological signals in wound �uid,

mainly focused on pH and uric acid sensing [7, 47, 95, 97–102]. A review of these

devices can be found in Table 2.5.

Though most presented wireless wearable electrochemical systems can inherently

be generalizable to other analytes with different functionalization of the sensor, previ-

ously presented electrochemical systems are typically intended for a single application,

and thus cannot be modi�ed or recon�gured to add sensing modalities or detect

additional analytes. We present a modular wearable electrochemical platform (MWEP)

to provide real-time multi-modal correlated sensing in both sweat sensing and wound

monitoring applications while allowing for rapid system modi�cation and recon�g-

urability (Figure 3.1). Modules can be removed to reduce power consumption and

footprint, or added to increase functionality. This modular system can support mul-

tiple aspects of electrochemical sensing research from new sensor development to

in-vivo validation of theories regarding to correlation of analytes with other physio-

logical processes. Three con�gurations of the MWEP are reported in this work. Aside

from the Main Module, which is a full wireless wearable electrochemical sensing

system in itself, the second con�guration of the MWEP adds additional amperomet-

ric and potentiometric channels to form a Multi-Analyte measuring system, and is

demonstrated with an integrated multi-channel gauze integrated sensor for chronic

wound monitoring for continuous lactate, glucose, pH and temperature sensing. The

third con�guration is a Biophotonic system for correlated sensing of amperometric

electrochemical measurement, potentiometric electrochemical measurement, temper-
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