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Research in biological sensors for healthcare applications has grown

exponentially, driven by the recent advances in IoT and microtechnol-

ogy. However, a noticeable gap remains in the availability of commer-

cialized wearable systems for painless, unobtrusive biomonitoring

experiences. This master’s thesis presents the iterative development

of a smartwatch prototype - the BioWatch - for implementing non-

invasive and discreet wearable biosensors. The BioWatch’s connec-

tivity allows biosensor module integration and wireless connection

to stand-alone sensor systems. A sweat glucose biosensor and a

microneedle lactate biosensor are developed for the BioWatch. Three

continuous glucose monitoring (CGM) users tested the BioWatch. All

would rather wear a smartwatch-like CGM similar to the BioWatch

than their current CGM. The results of this research work advocate

a comprehensive design methodology, emphasizing technical per-

formance, user experience, and medical relevance as the foundation

for developing future discreet and pain-free biomonitoring systems.

The proof-of-concept presented contributes to developing wear-

able platforms for non-invasive biomarker monitoring. Integrating

biosensors into smartwatches can drastically improve the daily lives

of chronically ill patients and the general population healthcare.
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Figure 1.1: Most researched

wearable IoT application clus-

ters. From [9]

Figure 1.2: Different wearables

developed for various applica-

tions. From [9]

Introduction 1

1.1 Context

1.1.1 Wearable Health Technologies

The recent expandingly integration of wireless commu-

nication technologies in everyday objects is known as

the Internet of Things paradigm (IoT) [1] IoT technologies

have enabled the development of wearable devices to

enhance daily life through seamless connectivity and

automation [2].

Wearable devices, or Wearables, refer to hand-free smart

and wireless electronic gadgets, accessories, or clothes

worn on the human body, or even invasive versions

such as microchips or smart tattoos [3, 4]. The field

of wearable technology has witnessed significant ad-

vancements throughout history, with notable milestones

marking the progression of innovative devices. In 1961,

Edward O. Thorpe and Claude Shannon, researchers

from MIT, pioneered the concept of wearable comput-

ing by concealing a timing device in a shoe [5]. Since

then, wearable technologies have grown exponentially

[6]. Hundreds of commercialized products enable new

applications, address new user needs, and create new

markets [7]. Massive investment from the public and

private sectors has enabled disruptive innovations and

the democratization of wearables [8].

Main wearable devices

Primary wearable devices include smartwatches, fit-

ness trackers, smart glasses, and smart clothing [9].

Smartwatches are IoT devices that combine traditional

watch functionality with a micro-computer capability

[10]. They are equipped with microcontrollers, sensors,

and application software that allow users to perform

several tasks and track data [11]. Fitness trackers, or

activity trackers, are wrist-worn devices that monitor
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Figure 1.3: Main innovations

in wearable technologies since

1980.. From [15]

Figure 1.4: Owner’s daily use

of smartwatch functions. Based

on a survey of 5,000+ U.S.

consumers, aged 18+ from di-

verse regions and demographi-

cal backgrounds. From [20]

various aspects of a person’s physical activity and health.

They are designed to help individuals keep track of their

fitness goals, monitor their progress, and make informed

decisions about their health and well-being [12]. Smart

glasses feature a transparent screen on their electronic

lenses to give users a hands-free computing experi-

ence. They typically include a camera, microphone, and

speaker, and are controlled through voice commands,

touch, or gestures [13]. Finally, smart clothing, or e-

textiles, refers to wearable artifacts composed of textiles

that incorporate electronic, computational, and sensory

functionalities to convert environmental stimuli into

aesthetic or physical responses [14].

General use of wearables

Wearable devices have become increasingly popular in

recent years due to their versatility. These devices cover

various applications, including health and fitness moni-

toring, communication, and entertainment. Wearables

track vital - like pulse, respiratory rate, body temperature

- and non-vital signs - such as blood pressure and blood

oxygen - providing valuable information for the wearer

[9, 16]. They monitor physical activity, calorie expendi-

ture, sleep patterns, nutrition and stress levels helping

users to improve their overall health and well-being

[17]. Wearables, mainly smartwatches, are also used for

communication, such as receiving notifications, making

calls, and sending messages. Some non-permanently

worn devices, including smart glasses, headphones and

headsets, provide entertainment through video stream-

ing, music, gaming, and virtual reality [18]. The main

functional innovation of wearables is their ability to pro-

vide users with quick and easy access to information and

services without pulling out a phone or other portable

device [19].

Wearable technology for healthcare applications

Wearable technologies have disrupted traditional paradigms

in healthcare by offering a holistic approach to health

monitoring and management. Unlike conventional smart-

phones and tablets, these devices are adept at capturing
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Figure 1.5: Main health and

activity indicators monitored

with wearales. From [21]

rich contextual information directly from our bodies

[4]. With the ability to track individual health metrics

and offer tailored diet, exercise, and lifestyle modifica-

tion recommendations, wearables provide personalized

healthcare solutions [22]. These devices facilitate the real-

time transmission of health data to healthcare providers,

enabling remote patient monitoring [23, 24]. Embedded

machine learning algorithms further enhance their util-

ity by identifying unusual patterns in health data and

issuing timely health event predictions and warnings

[25]. Finally, wearables are motivational tools, empower-

ing patients to actively engage in their healthcare journey

[26, 27]. Beyond enhancing user experience, wearables

have unlocked a plethora of functionalities, holding great

potential for improving healthcare outcomes.

Challenges and Limitations in Health Data Relevance

Despite the remarkable progress in developing and

adopting wearables in the well-being, fitness, and lifestyle

sectors, their integration into the healthcare environment

remains a complex challenge [28]. Many commercially

available wearables have inherent limitations in the

scope of health data [29]. They often measure only a

handful of health-related indicators with limited diag-

nostic relevance [30, 31]. Critical health markers such

as heart rate variability, nutrition, and mood, crucial

for comprehensive health assessment, continue to elude

accurate measurement through wearables [17, 32, 33].

Moreover, despite substantial investments and efforts

toward harnessing wearable data for patient care, only

10% of US physicians report integrating data from pa-

tient wearables into their electronic health records [29].

This limited adoption can be attributed to both technical

constraints and regulatory challenges. Wearables cannot

diagnose or treat medical conditions independently nor

provide actionable insights to healthcare professionals

[31].

A rigorous and systematic research effort is essential

to develop a new generation of high-performance on-

board sensors for wearables. Wearable technology must

undergo a thorough investigation to gain accuracy,
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Figure 1.6: Basic principles of a

biosensor. From [35]

Figure 1.7: Principle of biosen-

sor operation and main compo-

nents: the analyte is detected

by the biologically-affined sen-

sitive layer, immobilized on the

transducer. The biological re-

sponse is transformed to an

electrical, optical or electro-

chemical signal by the trans-

ducer and then further pro-

cessed, providing the informa-

tion. From [43]

completeness, and impact on clinical workflows and

seamlessly integrate clinical practice [22]. Recent ad-

vances in microtechnology, particularly in biosensing,

offer exciting prospects for acquiring highly relevant

medical data, enriching the capabilities of wearable

devices [34].

1.1.2 Wearable Biosensors for Healthcare

Wearable sensors are key components of wearable de-

vices [36]. They are classified into motion state, biophys-

ical and biochemical sensors [37]. Biochemical sensing

is particularly promising for measuring relevant contex-

tual medical data. Biosensors – for biochemical sensors or

biological sensors – are probes that integrate a biomolecule

recognition system with an electronic transducer [38,

39]. By measuring a specific biomolecule concentration,

biosensors convert a biological response into an electrical

signal, with high sensitivity, specificity, and speed [40].

The potential of biosensing in wearable technologies

lies in its ability to provide real-time, continuous, and

non-invasive health analysis at the molecular level [41].

Integrating biomolecule detection functionalities with

wearable devices allows the monitoring of accessible

biomarkers from the human body. Collecting large-scale

biochemical information about an individual’s dynamic

health status empowers personalized and precise health-

care interventions [42].

Biosensing technologies

Due to their ability to detect and monitor specific bi-

ological responses, biosensors have been widely used

and developed for laboratory applications since 1960s,

for in vitro detection [44]. The concept of biosensors

for measuring biomarker levels was first proposed in

1962 by Clark and Lyons from the Children’s Hospital

of Cincinnati [45]. In 1967 Updike et al. developed the

first biosensors [46]. The miniaturized system presented

continuously measures glucose levels thanks to an im-

mobilized enzyme. The first microbial biosensor was

made in 1975, the first bedside artificial pancreas in 1976
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Figure 1.8: Types of biosensors

based on their transducer oper-

ation. From [43]

Figure 1.9: Illustration of main

non-blood body fluids for

biosensing applications. From

[50]

Figure 1.10: Cartoon of differ-

ent types of electrochemical

biosensors with different recog-

nition element/target analyte:

(a) enzyme/substrate, (b) an-

tibody/antigen, (c) cell/sub-

strate, (d) lipid monolayer/ana-

lyte, (e) single-stranded DNA/-

complementary strand. From

[51]

[47], and the first plasmon resonance immunosensor

in 1984, among other essential biosensing mechanisms

[48]. Recent research has led to the mastery of new

technologies for biodetection. Biosensors became highly

diverse, and classified according to several conceptual

characteristics. The main ones are:

1. the target element: metabolites (glucose, lactate,

alcohol...), electrolytes (sodium, potassium, mag-

nesium...), proteins, nucleic acids, amino acids,

fatty acids, peptides, lipids, hormones, metals,

pathogens, drugs... ;

2. the recognition element involved: enzyme, aptamer,

antigen, peptides, CRISPR... ;

3. the recognition signal: electrochemical impedance

spectroscopy (EIS), chronoamperometry (CA), cyclic

voltammetry (CV), heat, mass change... ;

4. the transduction principle: electrochemical, optical,

piezoelectric, thermal, magnetic, electrochemilu-

minescence... ;

5. the substrate material: natural materials (cotton,

silk, wool...), inorganic materials (copper, gold, sil-

ver, platinum, graphene, carbon nanotubes...), syn-

thetic polymers (silicone, polyvinyl alcohol, poly-

imide...) and hydrogels (alginate, agarose, polyethy-

lene glycol...) [36, 49].

Emergence of wearable biosensors

With the growing development of wearable technolo-

gies, new biosensor applications have emerged outside

laboratories. Medical technologies, including biosen-

sor technologies, became wearable in the 2000s [52].

This paradigm shift marked the convergence of cutting-

edge diagnostics and patient-centered care. Wearable

biosensors operate in different biofluids: blood, sweat,

interstitial fluid (ISF), urine, saliva, tears and exhaled

breath [34, 49, 53, 54]. System electronics ensure au-

tonomous measurement and processing. Connectivity

features enable data communication to other portable

or wearable devices. This transposition of the laboratory

into contact with the body has become a promising way

of improving patients’ care, especially for the aged and
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Figure 1.11: Picture of a glu-

cometer. The first portable

blood glucose meter was in-

troduced by Anton Hubert

Clemens in 1971 [56].

Figure 1.12: Picture of the first

Continuous Glucose Monitor-

ing (CGM) commercialized in

1999 by MiniMed [57]. The sen-

sor is a needle inserted under

the skin to measure glucose in

the ISF.

Figure 1.13: Picture of the Glu-

coWatch G2 Biographer, the

first wearable CGM.

1: Iontophoresis consists in ap-

plying a small electric current

to enhance the migration of po-

larized and neutral ISF com-

pounds through the skin [63].

chronically ill, like people with diabetes [48, 55].

Potential of wearable biosensors in a technological world

Recent IoT innovations enable the collection, storage,

transmission, processing, and analysis of a vast amount

of health data generated from wearable devices [53].

This data can enhance medical research and clinical

practices, improving individual health outcomes [58,

59]. IoT-assisted wearable biosensors have the poten-

tial to revolutionize personalized medicine, chronic

illness management, early disease detection, and pre-

ventive healthcare by providing valuable insights into

an individual’s molecular profile [41, 60].

1.2 Related Works

Commercial wearable CGMs

CGMs are medical devices primarily designed for in-

dividuals with diabetes to continuously monitor their

blood sugar levels [61]. Their glucose biosensor allows

users to continuously measure their glucose levels with-

out requiring frequent finger pricks. CGMs were the

first wearable systems to incorporate biosensors, partly

due to the stability of the glucose enzyme and market

demand.

Glucowatch was the first CGM marketed and approved

by the FDA in 2001. The GlucoWatch Biographer is a

non-invasive on-wrist CGM developed by Cygnus, Inc.

that provides automatic, frequent, and non-invasive

blood glucose measurements for type 1 diabetes, with a

12-hours autonomy [62]. The device performs reverse

iontophoresis
1

to extract subdermal ISF through the

skin. The electrochemical biosensor involves the enzyme

Glucose Oxidase (GOx). GOx catalyzes the oxidation of

glucose in the ISF to hydrogen peroxide, which is, in turn,

oxidized. The electrical signal generated is measured by

chronoamperometry. An alarm system warns the patient

if hypoglycemia is detected, with a lag-time of 17.5

minutes on blood concentrations [64]. The GlucoWatch
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Figure 1.14: Picture of the

Freestyle Libre 3 from Abbott

Laboratories. The CGM is worn

on the back of the arm.

Figure 1.15: Photo of the Dex-

com G6 and its flexible needle.

Figure 1.16: Depiction of the

wearable iontophoretic biosen-

sor device developed by Kim et

al. for glucose and alcohol mon-

itoring on a human subject. A

wearable app allows the user to

read its glucohol levels. From

[65]

Biographer detected up to 75% hypoglycemic episodes

with a low false alert level 1. The GlucoWatch device

was discontinued in 2007 due to the skin-burning effects

causing users dissatisfaction.

Other invasive CGMs have appeared on the market since

GlucoWatch. The best-known are the Freestyle Libre 3

from Abbott [67], the G6 CGM System from Dexcom

[68] and the Guardian Sensor 3 from Medtronic [69].

These devices feature a needle inserted under the skin

to measure glucose concentrations in the ISF. Despite

great accuracy [70], these devices also present a poor

user experience, as discussed in section 2.1.

Non-invasive and minimally-invasive wearable biosensors

Numerous scientific studies have attempted to reconcile

effective analyte monitoring with strong user experi-

ence. Two new categories of biosensors have emerged:

non-invasive biosensors and minimally-invasive biosen-

sors. These aim to detect biomarkers without intruding

beneath the skin.

Kim et al. (2018) developed a wearable biosensor plat-

form that monitors sweat and ISF simultaneously [65].

The device detects glucohol (glucose + alcohol) levels

in real-time. Monitoring this pair of analytes is par-

ticularly useful for insulin-dependent diabetics. The

system consists of a wearable iontophoretic biosensor

on a printed tattoo platform for glucohol sensing on a

human subject. The biosensor is coupled with a wireless

flexible printed circuit board. The biosensor operates

through iontophoresis. The glucohol biosensor has a

"panda-like" electrode layout with iontophoretic gels

and layered composition of the working electrodes. The

device uses amperometric detection thanks to alcohol ox-

idase (AOx) and GOx. Concentration data are wirelessly

transmitted to a mobile app in real-time. Both biosensors

showed excellent correlation with blood concentrations.

The device developed by Kim et al. is pain-free, provides

real-time and simultaneous monitoring, uses wireless

transmission, and is easy to use. However, the biosensor

remains visible, signaling a medical condition.



1 Introduction 11

Figure 1.17: Schematic illustra-

tion of the self-powered CGM

smartwatch developed by Zhao

et al. From [66]

Figure 1.18: Expanded view

of Wang et al. wearable sys-

tem, where the sensor array, mi-

crofluidic module, flexible PCB,

and LCD components form a

multichannel biosensing smart-

watch. From [71]

Discreet, smartwatch-like biosensing systems

Several research teams have developed wristband-integrated

noninvasive biosensors with a display, similar to a

smartwatch. This design enables a better user experi-

ence with biosensors.

Zhao et al. (2019) developed a fully integrated and

self-powered smartwatch for continuous sweat glucose

monitoring [66]. The device includes flexible electro-

chemical sensors for non-invasive glucose monitoring.

The enzyme-based biosensor generates an output amper-

ometric signal, amplified by a transimpedance amplifier

(TIA), and converted into a digital signal. The digital

signal is analyzed, filtered out high-frequency noise,

and processed to an electronic ink (E-ink) display. The

E-ink module provides the merits of a stable display

without a continuous power supply, ultralow power con-

sumption, wide viewing angle, and high visibility and

contrast. The integrated PCB and E-ink screen enable

real-time and in situ data analysis/display, eliminating

transmission units and external reading devices. The

glucose levels are indicated on the smartwatch display

as alarm signals from "low", "medium", to "high" The

current detection resolution of the smartwatch based on

the customized circuit can reach 6 nA, corresponding

to a glucose concentration of around 2 𝜇M. The wrist-

band is a rechargeable and flexible Zn-MnO2 battery,

powering the smartwatch with energy harvested and

converted by photovoltaic cells. The system accuracy was

tested with sweat samples collected from subjects dur-

ing ergometer-based cycling exercises. The smartwatch

developed by Zhao et al. is a user-friendly device that

provides non-invasive and continuous monitoring of

sweat glucose levels, real-time display, and self-powered

functionality.

Wang et al. (2022) developed an aptamer-field-effect

transistor (FET) biosensing device for monitoring corti-

sol levels in human sweat [71]. The device is integrated

into a smartwatch and a smartphone application, allow-

ing wireless and label-free detection. The aptamer-FET

biosensor is a non-invasive and convenient method for



1 Introduction 12

Figure 1.19: Photograph of the

Wang et al. flexible PCB next

to a U.S. quarter. The compo-

nents are (1) MCU, (2) ADC, (3)

potentiostat chip, (4) digital-to-

analog converter, and (5) Blue-

tooth. From [71]

Figure 1.20: Exploded view of

the watch developed by Chang

et al. for noninvasive continual

glucose monitoring. From [72]

Figure 1.21: Illustration of the

Kapsul: the replaceable mi-

croneedles biosensor module

for the K’Watch. From [73]

monitoring cortisol levels, a stress biomarker. Biosensor

aptamers bind to the target molecule, causing a change

in the electrical properties of the FET. The device was

tested on 88 human subjects, and the detection limit

was 0.001 nM. The device measures cortisol levels in

real-time with high precision and sensitivity, making

it a promising tool for stress management and health-

care applications. The sensor non-invasiveness, real-time

monitoring, and smartwatch integration demonstrate

excellent user experience.

Chang et al. (2022) developed a highly integrated watch

for noninvasive continual blood glucose monitoring

[72]. The watch employs a Nafion-coated flexible electro-

chemical sensor patch fixed on the watchband. Reverse

iontophoresis extracts ISF transdermally at the wearer’s

wrist. The watch’s LED screen and a smartphone appli-

cation display real-time blood glucose levels. The watch

demonstrated 84.34% clinical accuracy in the Clarke

error grid analysis with 23 volunteers. The watch-like

design ensures comfortable daily wear, facilitating con-

tinual glucose monitoring.

Finally, bio-wearable company PKvitality is the first

to develop a commercial smartwatch incorporating

minimally-invasive biosensors [74]. The K’Watch is a

smartwatch incorporating a disposable module of pain-

less micro-needles - the K’apsul [73]. Depending on

the sensor functionalized on the needles, the K’watch

monitors glucose levels in the ISF for diabetics (K’Watch

Glucose [73]) or lactate levels for athletes (K’Watch

Athletes [75]). A hypoallergenic adhesive patch holds

the K’apsul in place. A smartwatch vibration alerts the

user in case of a hypo- or hyperglycemic crisis. The

biosensor is easily replaceable after its seven-day lifes-

pan. Begun in 2018, the K’Watch development is still in

progress. PKvitality’s technology would ensure an opti-

mal health experience with biosensors by being painless

and seamlessly integrated into a fashionable electronic

object.
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Figure 1.22: Illustration of the

K’Watch. From [74]

1.3 Problem Statement

Wearable molecular detection systems currently on the

market offer a poor user experience. CGMs are invasive,

painful, and cost-expensive [76]. They signal an invisible

disease, are considered unattractive by patients, and lead

to information overload [77]. Additionally, using a cell

phone to check glucose levels is necessary, and may be

unsuitable in certain situations. Single biomarker biosen-

sors commercialized also lead to limited health data

relevance [78]. Implementing non-invasive biosensors in

smartwatches would overcome these limitations.

1.4 Scientific Contribution of the

Thesis

The first contribution lies in developing a smartwatch

platform to integrate biosensors for prototyping and

proof-of-concept purposes. The device allows rapid im-

plementation and on-body tests of non-invasive (sweat)

or minimally-invasive biosensors (ISF). A user study

enabled the design of a user experience adapted to glu-

cose monitoring for people with diabetes. Design study

also contributes to a better understanding of the user

experience for wearers of smartwatches with integrated

biosensors.

The second contribution is developing and integrat-

ing a micro-needle-based enzymatic lactate sensor for

the BioWatch. The fabrication of the microneedles, the

functionalization, and in vitro testing are covered. Ad-

ditionally, a review of scientific literature on lactate

pharmacology contributes to understanding lactic acid

evolution and ISF monitoring during physical effort. An

interactive web application accompanies this research.

The app, named Bione, is the first interactive educational

application to teach the principles of biosensors.

The following work presents a transdisciplinary ap-

proach between applied science: biotechnology, elec-

tronics and programming; exploratory research: phys-
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iology; and user experience science. Beyond technical

contributions, this thesis proposes an innovative vision

of a central wearable platform for real-time visualiza-

tion of advanced health data from different wearable

biosensors.

The following research represents a significant stride

towards realizing the vision of comprehensive and user-

friendly health monitoring through wearable technol-

ogy.

1.5 Structure of the Thesis

The thesis is divided into two main sections. In the initial

section (Chapter 2), we delve into the development of the

BioWatch, encompassing both technical advancements

and user experience research. the assembly of a glucose

sensor and its wireless connection to the BioWatch is cov-

ered. The second section (Chapter 3) is dedicated to the

creation of a microneedle-based lactate biosensor. We

detail the technical work and comprehensively review

lactate pharmacology for minimally-invasive measure-

ments. Additionally, we explore the development of an

educational biosensor web application.

In carrying out this work, we have considered the re-

producibility of the results. The work described is open-

source and published on GitHub [79]. Tutorials and

project presentations are available on vivienperrelle.com

and the DVIC website [80] to ensure the transferability

of the knowledge acquired.

vivienperrelle.com


Figure 2.1: Commercial illustra-

tion of the Apple Watch series

9 with its sleep monitoring in-

terface. From [85]

Figure 2.2: Smartwatch ship-

ment volume in million units

estimated by Mordor Intel-

ligence. Compound Annual

Growth Rate is around 27.8%

between 2023 and 2028. From

[86]

The BioWatch: A

Smartwatch for Wearable

Biosensors 2

2.1 Introduction

Smartwatches were the first socially accepted wearable

devices. The smartwatch’s popularity is attributable to

the interplay between a fashion accessory and a dis-

ruptive technological gadget [81]. The wearables market

has experienced significant growth since 2014, driven

by the increasing popularity and adoption of smart-

watches. Some leading wearable device manufacturers

include Apple, Samsung, Fitbit, Garmin, and Xiaomi.

Their high and steady product innovation responds to

market needs, with more than 230 million wearables

shipped in 2021 and a constant annual growth of 20% [4].

Smartwatches are the most sold wearable, with around

130 million units sold [82, 83]. Most technologically ad-

vanced smartwatches perform various functions, includ-

ing tracking activity, monitoring health, and smartphone

connectivity [84]. Various miniaturized sensors collect

data and provide feedback to the user to perform these

functions. Some standard sensors integrated into smart-

watches include accelerometers, heart rate monitors,

gyroscopes, GPS, and ambient light sensors.

1. Accelerometer: To measure the watch’s acceleration

and track the wearer’s movement and activity level.

2. Gyroscope: To measure the orientation and rotation

of the watch to track the wearer’s movements and

gestures.

3. Heart rate monitor: This sensor uses photoplethys-

mography (PPG) to measure the wearer’s heart

rate by detecting changes in blood volume in the

wrist.

4. GPS: Built-in GPS sensors allow to track the wearer’s

location and provide navigation assistance.

5. Ambient light sensor: To adjust the brightness of

the watch’s display based on the surrounding light
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Figure 2.3: Exploded view of

the Apple Watch. From [87]

Figure 2.4: Abbott FreeStyle Li-

bre Flash Glucose Monitoring

System. The insertion sharp is

a slotted needle with a cross-

sectional area of 0.29 mm
2

and

a length of 8.5 mm. From [95]

conditions.

6. Barometer: To measure changes in air pressure to

predict weather changes and track altitude during

activities like hiking.

7. Microphone: A built-in microphone allows the

wearer to make phone calls, send messages, and

use voice commands to control the watch.

The sensors integrated into smartwatches vary depend-

ing on the manufacturer and the device’s intended use.

Smartwatches have evolved from simple timekeeping de-

vices to multifunctional wearable devices that track var-

ious health and fitness aspects. Although smartwatches

are the best-selling wearable, they do not integrate bio-

logical sensors. Their sensors remain limited to biophys-

ical ones [88].

Commercialized CGMs limitations

The only wearables on the market incorporating biosen-

sors are continuous glucose monitoring (CGM) wear-

ables. These devices result in narrowed user experiences.

On the arm or stomach, CGMs are 2 to 5 centimeters

in diameter, visible when wearing a t-shirt or bathing

suit. Diabetic patients feel stigmatized by body signs

of diabetes [89, 90]. Moreover, the sensor installation

is painful. Current CGMs are invasive, measuring glu-

cose concentration in the subcutaneous interstitial fluid

[91]. They feature a flexible, functionalized needle, pene-

trating a few millimeters beneath the skin. Placement

is, therefore, unpleasant, particularly for children and

people prone to fear of needle-related procedures [92].

Commercially available diabetes monitors also present

high premature loss frequency. Adhesive can cause skin

irritation and hypersensitivity [93]. Lastly, CGMs are

relatively expensive and not environmentally friendly

either. The biosensor lifespan varies from 7 to 14 days,

for a few tens of dollars per unit price. The entire device

is thrown away, even though the electronics are not

obsolete [94]. Using smartwatches for non-invasive or

minimally-invasive biosensors is a promising solution

to these user experience and recycling issues.
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Figure 2.5: The wearable free-

standing electrochemical sens-

ing system similar to a smart-

watch developed by Zhao et al.

[100]. Credit: Yichao Zhao/U-

CLA [101]

Smartwatch: the future platform for wearable biosensors

Technical advances enable the detection of a wide range

of molecular biomarkers. The scientific advances in

wearable biosensors could match the growing suc-

cess of smartwatches. Indeed, users perceive smart-

watches as functional sensors rather than watches or

smartphones [96]. The community eagerly awaits new

sensing functions, as smartwatches grow increasingly

powerful. Implementing molecular detection is one of

the next landmarks for smartwatch development. Other

embedded technologies, such as artificial intelligence,

could duplicate the biosensing potential for healthcare

[97–99]. Already smartwatch-embedded physical sen-

sors also bring synergy to biosensors. The potential to

provide a more comprehensive and accurate depiction of

an individual’s health status by combining biophysical

and biochemical data.

This section presents the development of the BioWatch.

The BioWatch is an electronic prototyping platform

aiming to easily demonstrate proof of concept of non-

invasive electrochemical biosensors integrated into a

smartwatch or wirelessly connected. Three smartwatch

versions are released, following a structured develop-

ment process to meet the final product’s functionality

and performance targets. We granted emphasis on the

user experience. The vision of this project is not only

to design a technical proof-of-concept for a biosensor

smartwatch but also to demonstrate acceptance by po-

tential users. The BioWatch is the first turnkey pro-

totyping solution for developing smartwatches with

smartwatches-integrated biosensors. Although further

research is needed to achieve this ideal, this open-source

work provides a methodological basis for the academic

community and future guidelines. The BioWatch aims

to bridge the gap between cutting-edge biosensing

technology and wearable smartwatches.
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Figure 2.6: Waveshare round

LCD module display. From

[102]

Figure 2.7: Wiring of Arduino

Uno board with GC9A01 mod-

ule.

Figure 2.9: Back of module

GC9A01, with the four screw

slots visible.

2.2 Hardware Development

2.2.1 BioWatch V1: Proof-of-Concept

The first development milestone is to create a non-

wearable prototype of a smartwatch. This prototype

serves as the foundation for the subsequent iterations of

the device. We first selected an appropriate display, bal-

ancing cost-effectiveness with the capability to present

essential numeric information. After a thorough eval-

uation, we opted for a GC9A01 round LCD module,

RGB and backlit screen from WaveShare, acquired for

14 euros.

The display boasted a resolution of 240x240 pixels for a

3.25-centimeter diameter, meeting our requirements for

showcasing data effectively.

An electronic board Arduino Uno R4 pilotes the GC9A01

module. This choice was driven by its wide adoption

and compatibility with the display driver. The display

operated on a 3.3V input signal and utilized I2C com-

munication for data transfer. A clock example Arduino

code is uploaded to print a classic watch face with hands

on the screen. A computer or an external battery powers

the board.

Figure 2.8: Display after up-

loading a code from the manu-

facturer Waveshare.

The screen enclosure was meticulously crafted using

CAD software and 3D printed in polylactic acid (PLA),

ensuring a precise fit. The first version of the BioWatch

only includes the CG9A01 module in the case. Precise

measurements were translated into a technical schematic,

and SolidWorks aided in designing the enclosure with

considerations for microcontroller, passive components,

and retaining screw locations. A side window allows

the wires to reach the development board.
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(a) (b)

Figure 2.10: (a) Incremental

development of the 3D case

model. (b) A rod next to the

insertion slot for attaching the

watch strap.

Four 4mm-diameter screws on the screen’s back were uti-

lized initially to enhance stability. We secure the screen

with the screws provided in the GC9A01 module. The

screws fortify the system, preventing the screen from

falling when the watch is face down. Watch strap attach-

ment allows one to attach the watch to the wrist.

Figure 2.11: First version of the

BioWatch.

2.2.2 BioWatch V2: Autonomy and

portability

In this phase of BioWatch development, the primary

objective was transforming the conceptual framework

into a wearable and autonomous apparatus. This was

achieved by incorporating a Lithium-Polymer (Li-Po)

battery and a corresponding battery shield.

Facilitating the transition of the BioWatch into a wear-

able device necessitated the replacement of the initial

Arduino Uno microcontroller with the ESP8266 WeMos

D1 Mini Lite microcontroller. The selection of the WeMos

D1 Mini is predicated on its suitability for wearable appli-

cations, attributed to its compact dimensions measuring

34 x 25 mm. Notably, the ESP8266 microcontroller’s

Wi-Fi capabilities were aligned with the envisioned fu-

ture functionalities of the device. Breadboard tests were

conducted to ensure seamless compatibility between
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Figure 2.12: WeMos D1 mini

is a miniature microcontroller

development board.

Figure 2.13: WeMos D1 mini

battery shield.

the GC9A01 display module and the ESP8266 microcon-

troller.

A pivotal enhancement introduced in Version 2 entailed

the integration of a battery shield onto the WeMos D1

Mini. This integral addition facilitated the power supply

to the BioWatch through a 3.7V Li-Po battery, accom-

plished via a conveniently located mini JST connector.

The incorporated Li-Po battery is a 30 x 20 millimeter

LP502030 with a voltage rating of 3.3V and a capacity

of 250mAh. Furthermore, the battery is conveniently

recharged through the integrated micro-USB port within

the shield. Two red and green LEDs offer essential bat-

tery status information to users and indicate the charging

process and completion(figure 2.13). The interconnection

of the two components was achieved by soldering male

pins with minimal spacing. Subsequently, the GC9A01

display module was connected to the WeMos D1 Mini

via wires of precise dimensions.

Figure 2.14: BioWatch V2 hard-

ware prototyping setup before

miniaturization.

The design of the Version 2 screen enclosure drew upon

the blueprint of the V1 iteration with meticulous atten-

tion to achieving a size optimization with a precision

of 0.1 millimeters. The casing is fabricated using PLA

material through a Prusa Mini printer configured for

precision at 0.05 millimeters. A novel enclosure element,

was introduced, replacing the conventional screw fasten-

ing mechanism for housing the electronic components.

The cover, with a mere 2-millimeter thickness, aligns

precisely with the surface of the display screen.
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Figure 2.15: ESP32 Wroom di-

mensions.

Version 2 represents a significant milestone in the evo-

lution of the BioWatch, marking the transition from

a static prototype to a wearable device characterized

by enhanced autonomy. The successful integration of

the Li-Po battery, battery shield, and the ESP8266 We-

Mos D1 Mini microcontroller has substantially advanced

the prototype’s resemblance to a fully functional smart-

watch.

2.2.3 BioWatch V3: biosensors reception

The subsequent phase of development encompasses the

transformation of the smartwatch into a biosensor plat-

form, necessitating the integration of electronic circuitry

for signal processing. Two distinct PCBs have been de-

vised for this purpose: one exclusively dedicated to the

smartwatch’s operation, which combines the WeMos

and the battery shield, and a second PCB housing the

electronic components for modular biosensors.

The ESP8266 microcontroller originally present in the

WeMos has been replaced with the ESP32 Wroom mod-

ule, selected for its compact form factor and low power

consumption characteristics. This choice is further jus-

tified by the ESP32’s incorporation of Wi-Fi, Bluetooth,

and Bluetooth Low Energy (BLE) modules, ensuring

robust connectivity for the BioWatch. Additionally, the

microchip is suited for wearable applications due to an

extensive range of peripheral interfaces, encompassing

SPI, I2C, UART, and ADC.

Including a UART pinout has augmented the programma-

bility and versatility of the ESP32. Seven digital pins

have been allocated for programming the GC9A01 driver

via the SPI interface, while the Li-Po battery connects to

the circuit through designated pins. User convenience is

enhanced by integrating a switch button, facilitating the

on-off control of the smartwatch. Like the Wemos battery

shield, a charging circuit allows for battery recharging

via the micro-USB connector. Furthermore, two LEDs

indicate the battery charge status and four female SPI

pins enable connectivity to the second PCB dedicated to
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biosensors.

Figure 2.16: Custom-designed

PCB for BioWatch version 3.

The design of the second PCB draws inspiration from

the LMP91000 electronic board, a programmable ana-

log front-end (AFE) suitable for micro-power electro-

chemical sensing applications. Extensive laboratory test-

ing with an LMP91000 was conducted to develop the

requisite Arduino code, and both PCBs can be closely

stacked.

The watch case has undergone a redesign to accom-

modate the newly integrated PCBs. Small 2-millimeter-

diameter magnets have been seamlessly incorporated

into the 3D-printed watch case, facilitating the conve-

nient attachment of sensors, including a micro-needle

module beneath the BioWatch. Pin connectors estab-

lish the critical link between disposable non-invasive or

minimally-invasive biosensors and the smartwatch.

Figure 2.17: Hardware architec-

ture comparison between the

second and third versions of

the BioWatch.
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Figure 2.18: Synchronization of

atomic or radio clocks in local

and global networks with NTP.

2.3 Software Development

2.3.1 Technical Specifications

The GC9A01 is programmed in C++. The Adafruit GFX

library is involved in designing the whole screen in

color. The library provides standard syntax and graphics

functions for LCD and OLED displays and LED matrices.

An open-source code allows the display of a classic

watch face with three hands on the first version. For the

second and third versions of the BioWatch, a code was

specifically developed to meet the identified needs.

Resorting to a Network Time Protocol (NTP) permits

setting the watch on time. The NTP allows the ESP8266

to request and receive the Coordinated Universal Time

(UTC), depending on the location. Connecting with

a local WiFi network automatically synchronizes the

smartwatch’s clock on computer networks.

2.3.2 User Needs Analysis

A needs analysis phase was carried out regarding the

watch interface design. This work aims to identify the

adoption factors of a smartwatch with integrated biosen-

sors and to design a data visualization interface that

best meets user needs. This area of research is part of

BioWatch’s overall vision to facilitate integrating and

adopting biosensors in smartwatches to improve user

health.

Five different pieces of information should appear on the

screen. These elements were identified in collaboration

with the PKvitality design team. PKvitality is a tech-

nology company developing the first CGM smartwatch.

The design team consulted with many professionals and

patients to identify and prioritize the information dis-

played on the watch. Five different pieces of information

emerged:

▶ the time of day in hh:mm:ss format;

▶ the date in jj-mm format;
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▶ the last measured value of the biomarker level, al-

lowing a rapid understanding of the actual glycemia

level;

▶ a visual indicator system to quickly read whether

the data shows hypo- or hyperglycemia;

▶ a prediction of the next measured data to better

identify the evolution trend.

A final-users consultation was conducted to validate and

deepen the conclusions discussed. Several populations

were considered for the study. We ultimately consulted

people with diabetes for several reasons: these patients

are familiar with biosensors, glycemic variations are

frequent, and the need for effective monitoring is cru-

cial. In addition, diabetic patients use CGMs every day

and are strongly impacted in their daily lives. They are

thus a source of proposals for improving CGMs, as

demonstrated by the community’s online forums and

conversations. Other populations who have never or

rarely been confronted with biosensors can also benefit

from the frequent use of a biosensor-enabled smartwatch.

These include high-level athletes and patients suffering

from lactic acidosis for lactate in particular. However,

these people unfamiliar with biosensors need help to

fully discern the added value of a wearable biosensor

for their use case. Five French volunteers prone to Type

1 diabetes participated in the need analysis. Three adult

men, one woman, and one child expressed their expec-

tations of a CGM smartwatch interface. The identified

expectations are summarized below:

▶ 60-90 minutes of data history displayed on the

watch screen was optimal;

▶ most commercial CGMs have a measurement up-

date frequency of one minute. The subjects all

expressed satisfaction with this update frequency;

▶ users would like the unit of concentration to be

expressed in mg/dL. French patients are more

familiar with this unit;

▶ a color code or threshold system seems essential to

them to facilitate reading during a hyperglycemic

or hypoglycemic crisis;
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▶ the graph range, limited by the biosensor’s perfor-

mance, is ideally between 30mg/dL and 250mg/dL

- according to their already experienced hyper-

glycemic and hypoglycemic crises.

Analyzing patients’ needs allowed to define precise spec-

ifications for developing the BioWatch interface.

2.3.3 Design study

Four different designs resulted from the specifications

and needs analysis. Each of them has been schematized

in figure 2.19. They were presented to a group of twenty-

five students who judged the designs, and each chose

the design they thought the most appropriate for a CGM

smartwatch. Design (1) got four votes, design (2) got

twelve votes, design (3) got zero votes, and design (4)

got nine votes.

Figure 2.19: Designs presented

to 24 subjects.

Design (2) was therefore implemented. The functions of

the GFX library, such as drawPixel and drawLine, permit

the drawn sketch’s concretion on the watch display.

2.3.4 Implementation

The GC9A01 display is 240*240 pixels wide. The data

history graph spans a central rectangle of 190 pixels on
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the x-axis by 140 pixels on the y-axis, from pixel (25;190)

to pixel (215;50). Eighteen data points are displayed

every 10 pixels on the x-axis. Based on a left-to-right

reading, the most recent measured point is on the right

of the graph (abscissa 205) and the oldest on the left

(abscissa 25). A nineteenth point is displayed at the

x-axis 215. An algorithm predicts the next concentration

according to the last four measured values.

When the glucose level drops below 70mg/dL (hypo-

glycemia threshold), the resulting point and the as-

sociated segment appear in blue (instead of white).

Conversely, when the level exceeds 120mg/dL (hyper-

glycemia threshold), these graphic elements are colored

red(figure 2.20). The last measured value - displayed at

the top of the screen - also changes color under the same

conditions.

Every five minutes, the data is updated. The “point”

element n ordinate is assigned to the “point” element

n+1. The element n = 0 gets the new value, and a new

prediction value is calculated. This time of 5 minutes

is much longer than the patient needs. However, this

frequency simplifies the screen’s design by counting only

18 data points. Now that the first software is operational,

future work will multiply this number by 5 to allow

an update frequency of one minute and a history of 90

minutes.

Figure 2.20: Design of the

BioWatch V2 and V3 display.
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The interface is adapted to the blood glucose concen-

trations of people with diabetes. However, the interface

is, by design, easily transposable to other concentration

scales. The code provides for the automatic adaptation

of the graph by editing the minimum and maximum

values through a simple cross-product. The refresh rate

of the last displayed measurement and the graph is also

easily adjustable. The history covered by the graph is

also editable. An animation welcomes the user when

switching on the BioWatch.

2.3.5 User Experience

A user study was conducted with three diabetic patients

(2 men and one woman). The objective is to evaluate

the user experience of the BioWatch as a smartwatch

and CGM. Participants held the BioWatch for two hours.

They could perform various household chores and activ-

ities at home during this time. The interface displays sim-

ulated data throughout the test period. The refresh rate

is set at 2 minutes, and the data history is set at 40 min-

utes. We conducted the study with the second version

of the BioWatch. A non-invasive microneedle biosensor

module was placed under the smartwatch.

Figure 2.21: The BioWatch

worn by a subject

Two of the three subjects reported that the smartwatch

case was too voluminous from an aesthetic point of view

but relatively comfortable. All participants expressed

being slightly bothered by the microneedles. Each of

them is globally satisfied with the user interface.
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Figure 2.22: Screen-printed

electrodes, 24.4 millimeters

long, from Zimmer&Peacock.

The GOx enzyme is placed on

the end of the WE. The RE sur-

rounds the functionalized WE

surface. From [103]

On the monitoring aspect, the three patients are moder-

ately or somewhat satisfied. The history of the evolution

of 40 minutes seems adequate to them regarding the

size of the wearable screen. All were also satisfied with

the two-minute refresh rate, but 2 preferred one.

All would rather wear a smartwatch-like CGM simi-

lar to the BioWatch than their current CGM (Freestyle

Libre 3 for each). The points they would like to be im-

proved to buy such a device are aesthetics, connectivity

(basic features of a smartwatch), interactivity (touch

screen), screen resolution, and a more modern user in-

terface. Participants also expressed that they sometimes

failed to anticipate hypo- and hyperglycemia attacks

with BioWatch, as they did not watch the screen regu-

larly enough. A suggested solution is to incorporate a

vibratory motor triggered in case of crisis.

2.4 Wireless connection with a

wearable glucose biosensor

A proof-of-concept for a non-invasive glucose biosensor

has been assembled. The autonomous system measures

the glucose concentration in sweat. A wireless connec-

tion between the biosensor and the second version of the

BioWatch has been established. This work results in the

BioWatch’s connectivity with sensors not physically in-

tegrated into the watch. The on-wrist data visualization

platform is thus compatible with sensors in different

body locations.

2.4.1 Wearable Sensing System Assembly

The sweat glucose monitoring system comprises a biosen-

sor functionalized on screen-printed electrodes (SPEs),

a microfluidic patch, and signal acquisition electronics

sourced from Zeammer&Peacock (ZP).

The patch is made up of several self-adhesive plastic ele-

ments. Once assembled on SPEs, the pre-cut microfluidic
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channels convey sweat to the sensor’s active surface. The

sweat patch collector ensures a controlled continuous

flow of sweat to the SPEs.

Figure 2.23: Assembling the

sweat collection patch on a glu-

cose biosensor.

The glucose biosensor adheres to the conventional three-

electrodes cell configuration, including the reference

(RE), counter (CE), and working electrodes (WE)(2.22).

This three-electrode system is screen-printed on a sub-

strate [104]. SPEs are made with thick-film deposition

[105]. This process allows simple, rapid, and inexpensive

production of biosensors [106]. Materials printed on ZP

glucose sensor are silver/silver chloride for the RE and

CE and platinum for the WE [107]. The WE encompasses

glucose oxidase (GOx), an oxidoreductase enzyme that

facilitates the oxidation of glucose into hydrogen perox-

ide (H2O2) (2.1) [108]. The charges released during H2O2

reduction flow from the WE to the RE (2.2).

𝐶6𝐻12𝑂6 + 𝑂2 ⇋ 𝐶6𝐻10𝑂6 + 𝐻2𝑂2 (2.1)

𝐻2𝑂2 ⇋ 𝑂2 + 2𝐻+ + 2𝑒− (2.2)

Figure 2.24: (2.1) Glucose oxida-

tion into glucono-𝛿-lactone and

hydrogen peroxide and (2.2)

hydrogen peroxide oxidation

[109].

The sensor is pluggable on a flexible, stamp-sized, elec-

trochemical sensor platform known as the ec-Flex(2.26)

[110]. This platform incorporates an open-circuit poten-

tiostat, enabling continuous steady-state chronoamper-

ometric measurements [111]. The integrated Bluetooth

circuitry achieves data transmission through Bluetooth

low energy (BLE). A slim, flexible lithium polymer bat-

tery is attached to the ec-Flex, discreetly disposed be-

tween the skin and the bendable electronic board(2.27).

The battery lifetime is approximately 8 hours [112]. All

the equipment was purchased from Zimmer&Peacock
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Figure 2.25: The ec-Flex from

Zimmer&Peacock.

Figure 2.27: Slim, flexible bat-

tery made by BrightVolt. From

[112]

website [113].

Figure 2.26: The wearable non-

invasive glucose biosensor dis-

posed on a forearm.

The selection of the ec-Flex board is informed by its

ability to serve as a rapid prototype platform, apt for

demonstrating proof of concept. Moreover, BLE ensures

high autonomy for low-frequency monitoring, making

it well-suited for acquiring electrochemical data on the

skin, given the relatively gradual evolution of sweat

biomarker concentrations. BLE has shown substantial

promise in the wearables industry and is the prevalent

technology for wirelessly transmitting analyzed data,

alongside near-field communication (NFC) [114, 115].

In addition, SPEs are a promising tool for construct-

ing portable analytical devices due to their small size

[116].

2.4.2 Data Specifications

Data from the ec-Flex are received by a laptop, which

then interprets and forwards the data to the WeMos. All

data is logged in a local database. The ec-Flex data is

transmitted in byte array format, with each byte array

containing four values: an ID, a timer, temperature, and

an electrochemical sensor readout. Given the relatively

slow variation in glucose concentration in sweat, high-

frequency data acquisition is unnecessary. The ec-Flex

is configured to transmit data every second. Real-time

data display on the smartwatch is desired, with a target

time lag of less than 5 seconds. The 8-hour battery lifes-

pan limits the system’s autonomy. The maximum data

volume is approximately 30,000-byte arrays, equating to

120,000 usable values. The local database must accom-
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modate three times this volume, totaling 480,000 values,

to support potential medical diagnostic applications in

the project’s future scope.

Figure 2.28: Deployment diagram of the wireless communication solution between the ec-Flex, the

laptop and the WeMos microcontroller.

The ec-Flex functions as a server, while the laptop as-

sumes the role of the client [111]. The initial code block

entails a Bluetooth scanner algorithm for filtering pur-

poses. The server-client connection is established using

the bleak library [117]. The BLE stack utilizes the generic

attribute profile [118]. A service encompasses data and

associated functionalities to fulfill a specific function.

Characteristics are the data components within services.

Specifically, the "Handle 17 – Sensor command" charac-

teristic within the "Vendor service" contains live data.

Variables required to interpret the electrochemical sen-

sor readout are obtained from other characteristics:

▶ D0: Analog-to-Digital Converter (ADC) resolution;

▶ X0: virtual ground level;

▶ D1: current-to-voltage amplification;

▶ N1: Scale factor for current;

▶ N2: Scale-factor for non-offset linear conversion.

2.4.3 Data Acquisition

Data is encoded in ASCII format. After hexadecimal

decoding, the byte array is divided into four parts. The
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initial two bytes represent the ID, the subsequent two

denote the timer, the third pair signifies the temperature

value, and the final byte indicates the biosensor ADC

value. Notably, the byte order must be reversed (big-

endian to little-endian) for decimal conversion.

Figure 2.29: Bytes structure

sent by the ec-Flex.

Glucose concentration is deduced from the sensor ADC

value using specific formulas [111]:

𝑉 𝑜𝑢𝑡 =
𝑁0

𝐷0

× 𝐴𝐷𝐶 − 𝑋0

100

(2.3)

𝐼 = −100 × 𝑁1

𝐷1

×𝑉 𝑜𝑢𝑡 (2.4)

𝐶 𝑔 =
𝐼

𝑁2

(2.5)

The system conveys temperature and glucose concen-

tration data as a string to the WeMos. An HTTP persis-

tent connection is established between the laptop (TCP

server) and ESP8266 (TCP client). The server program

is scripted in Python and operates in parallel using mul-

tithreading to send real-time data to the client. Flask

micro web framework is employed to configure the send-

ing application with a concise script [119]. The client

program, written in C++ on the Arduino IDE, facilitates

code upload to the microcontroller. The WeMos operates

in station mode, obtaining an IP address from the con-

nected wireless router. Serial communication between

the WeMos and the laptop is established via the Arduino

IDE serial monitor. Arduino-uploaded code ensures the

data is displayed in almost real-time.
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Figure 2.30: Functional diagram of the wireless communication between the biosensor and the

smartwatch.

Each byte sent by BLE is stored in a database on the com-

puter. The database schema adopts a straightforward

table structure with four columns: ID, timer, temper-

ature, and glucose concentration. A Python program,

utilizing the SQLite3 Python module [120], manages

the database, with multithreading enabling the main

program to record newly acquired data in a database.db

file.

Additional scripts facilitate the swift retrieval of BLE con-

nection characteristic addresses essential for the main

program. Additionally, an Arduino script aids in identi-

fying available Wi-Fi networks for the HTTP connection,

providing information on SSID and RSSI for each net-

work.

All the code is available on the BioWatch GitHub reposi-

tory [79].
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Figure 2.31: Various connectiv-

ity features implemented in the

BioWatch.

2.5 Future works

The BioWatch has several limitations. First, the V3 still

needs to be functional. The PCB with a potentiostat cir-

cuit was designed but not printed. The physical connec-

tion between the biosensor modules and the BioWatch

is therefore inoperative. Future work is, therefore, to

develop this electronic circuit. Preliminary tests with

prototypes based on the LMP91000 and a commercial

biosensor are necessary to validate the proper func-

tioning of the circuit before printing. In the second

step, we will have to merge the two PCBs. This step

requires a robust optimization of the circuit. A single

PCB significantly contributes to embedded electronics

in smartwatches for biosensors. Such a solution design

requires significant research and development microelec-

tronics work. Another limitation is the single-channel

acquisition. The proof of concept developed allows the

display of a single monitored biological data. Designing

a new interface with several data presented in parallel is

necessary for multi-analyte proof-of-concept. BioWatch

connectivity is also limited. Future work is required to

implement new features similar to the marketed smart-

watches. These features include connecting with the

user’s smartphone, communication functions such as

viewing or sending messages, and integrating a touch

screen to interact with the data easily. The monitored

data can be backed up and subsequently consulted on a

mobile or web application by the user or a healthcare
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professional. The user study also revealed the need to

integrate a vibration functionality to signal abnormal

biomarker levels. The watch’s autonomy must also be

increased throughout the day. Additional efforts are

needed to improve the user experience of the devel-

oped CGM smartwatch from a user-centric conception

perspective.

2.6 Conclusion

Technical advances in biosensors enable the detection

of a wide range of molecular biomarkers, potentially

surpassing existing medical wearables. Driven by smart-

watch technology, wearable biosensors have the poten-

tial to concretize comprehensive health monitoring for

chronically ill patients and, in a more distant future, for

the general public. The BioWatch represents a signifi-

cant step forward in integrating biosensors into smart-

watches. This research endeavor has striven to bridge

the gap between cutting-edge biosensing technology

and a popular wearable device, smartwatches.

The primary contributions of this work include the fab-

rication of the first smartwatch prototype for wearable

biosensors co-development and integration. Consider-

ing the importance of user-centric design for adopting

biosensors into wearables, we provide a user study of

diabetes people’s experience with the BioWatch.

Certain limitations need to be addressed in future re-

search. The functionality of the third BioWatch version

remains incomplete, necessitating further work on the

electronic circuit and PCB optimization. Additionally,

the BioWatch only supports single-channel acquisition,

requiring future enhancements to accommodate multi-

analyte proof-of-concept.

In the broader context, integrating biosensors into smart-

watches opens up promising possibilities for the future

of healthcare. The seamless amalgamation of biosens-

ing technology with wearable devices can revolutionize

real-time health monitoring and data visualization, ul-
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timately empowering individuals and healthcare pro-

fessionals to make informed decisions regarding their

well-being. As research advances in this field, the vision

of comprehensive and user-friendly health monitoring

through smartwatches integrated with biosensors moves

closer to becoming a reality.



A Microneedle Lactate

Biosensor For The

BioWatch 3

3.1 Introduction

Healthcare applications of lactate monitoring

The monitoring of lactate levels holds significant im-

portance in diagnosing and assessing various health

conditions [121], including lactate acidosis and situ-

ations characterized by oxygen deficit, where lactate

levels exceed accepted norms [122]. These applications

span diverse domains such as military and high-risk per-

sonnel healthcare, clinical emergencies, sports medicine,

general medical practice, and the food industry [123, 124].

For instance, insufficient oxygen supply during child-

birth can result in fetal acidosis marked by increased

lactate levels in the fetal blood, with lactate and pH

levels as crucial indicators of distress during labor [125].

Furthermore, heightened lactate levels may signal bac-

terial or fungal infections in enclosed body cavities such

as joints, meninges, or pleura [126]. In cancer cells and

tumors, lactate is pivotal in acidifying the microenviron-

ment, potentially contributing to tumor development

[127]. Lactate also holds significance in assessing brain

metabolism, offering insights into cerebral stroke or

traumatic brain injuries [128]. However, relying solely

on laboratory-based testing systems falls short of effec-

tively diagnosing and monitoring these life-threatening

conditions.

Sports applications of lactate monitoring

Although many medical applications, the demand for

lactate monitoring solutions comes mainly from the

sports domain. Lactate monitoring is instrumental in

gauging training intensity and evaluating an athlete’s

endurance [129, 130]. Exercise-induced muscle fatigue

is a reversible loss of muscle force (or muscle contractil-

ity) during work over time [131]. Human in vivo studies
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Figure 3.1: Distribution of wa-

ter in the human body show-

ing the approximate volume of

blood plasma and ISF in the ex-

tracellular fluid compartment,

and the volume of tissue and

blood cells in the intracellular

fluid compartment. From [142]

have demonstrated conspicuous concomitances between

muscle lactate and proton concentrations, cellular pH,

and muscle fatigue [132, 133]. Whether these concomi-

tances reflect cause-effect relationships is still debated.

Lactate has not been shown to cause muscle fatigue

directly. Muscle lactate is, with interleukin-6 [134], a

well-known and relevant biomarker of exercise-induced

muscle fatigue [135–137]. Understanding and monitor-

ing lactate levels allows athletes to adapt their training

plans, optimize their workouts, prevent overtraining,

and ultimately enhance their performance in their re-

spective sports. Coaches and sports scientists interpret

lactate data accurately and design training programs

tailored to their needs and goals [129, 138].

Currently, lactate detection is mainly performed us-

ing blood sampling analyzers [139]. The most known

hand-held blood lactate analyzers are the Lactate Pro,

the Lactate Pro2, the Lactate Scout+, the Xpress, and

the Edge [140]. Although reliable and accurate mea-

surements are performed with such devices [140, 141],

athletes must stop moving for blood collection from

their fingertips or earlobes. Moreover, for lactate and

any biomarkers, blood sampling is uncomfortable for

users, cannot be used for continuous measurement, and

is relatively expensive.

Microneedles technology for lactate monitoring

In recent years, developing non-invasive or minimally-

invasive biosensors for continuous lactate monitoring

has raised strong interest in wellness and sports ap-

plications. The two body fluids mainly considered by

researchers to carry out these non-invasive measure-

ments are sweat [143] and ISF [144]. For detection in ISF,

recent technology has proven its potential: microneedles

[145]. Microneedles have been developed for various

applications, including drug delivery, biosensing, and

vaccination. They offer a minimally-invasive and user-

friendly alternative to conventional needles, causing less

pain and lower tissue damage [146]. Microneedles are

fabricated using different techniques and materials, re-

sulting in various types such as solid, dissolving, coated,
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Figure 3.2: The lag time of

glucose concentrations in the

ISF is around 10 minutes com-

pared with plasma concentra-

tions. From [151]

and hollow microneedles [147]. In recent years, 3D print-

ing has emerged as a promising technique for fabricating

microneedle arrays, enabling point-of-care biosensing

applications [146]. Additionally, microfluidic technol-

ogy has been used to control the porosity of polylactic

acid porous microneedles, allowing for adjustable ISF

extraction efficiency [148]. Due to the small dimensions

of microneedles (less than 1 mm in length), they can

penetrate the stratum corneum without reaching deep

into the subcutaneous tissue, unlike the needle sensors

used in commercially available CGM devices [149].

The inherent biological attributes of ISF complement

its practical advantages. The molecular weight cutoff

between blood and ISF is high, approximately 1 MDa,

making ISF a rich biomarkers biofluid [95]. Concen-

trations are similar to plasma concentrations for low

molecular weight species, and the blood-to-ISF lag time

is between 5 to 15 minutes [95]. The commercial maturity

of biodetection in ISF is asserted yearly. new biomarkers

such as lactate could be monitored non-invasively with

the emergence of microneedles biosensors [150].

The work presented in this section aims to develop a

microneedle-based lactate biosensor. The biosensor pre-

sented is an enzymatic sensor. This project consists of

several conception stages. The programming of a poten-

tiostat development board, the biosensor functionaliza-

tion, and the design and 3D printing of a microneedle

module. Each development stage is illustrated by the

electrochemical concepts involved in the design and

operation of the biosensor.

Complementary works accompany this technical de-

velopment. Firstly, we provide an exhaustive literature

review on lactate pharmacology in the human body and

lactic concentrations in ISF during physical exercise. This

state-of-the-art analysis aims to evaluate the relevance

of lactate monitoring in dermal ISF for muscle fatigue

quantification. Secondly, we present an educational ap-

plication illustrating the microneedle biosensor working

at the molecular scale. The platform developed is the

first immersive 3D app for interactive learning of the
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Figure 3.3: 2D Chemical Struc-

ture Depiction of Lactate [155]

basic principles of biosensors.

3.2 Lactate pharmacology for

minimally-invasive biosensor

development

Understanding biomarkers’ behavior in the organism

is a prerequisite for biological detection research [152].

Clinical qualification is the evidentiary process of link-

ing a biomarker with biological processes and clinical

endpoints [153]. Clinicians evaluate the magnitude of

the reason for the clinical cause of this biomarker pro-

duction and establish a diagnosis. Studying biomarkers

pharmacology is therefore essential before designing

wearable biosensors.

A considerable body of clinical research has been de-

voted to glucose pharmacology in human ISF [154]. Al-

though the state of the art is relatively well established

for lactate as well [95], the lactic concentrations in the

dermal ISF, in particular, remain relatively understud-

ied. However, such clinical knowledge arouses growing

interest, as biomonitoring technologies become increas-

ingly mature and able to measure lactate concentrations

in the skin painlessly.

The following work reviews the literature on lactate

pharmacokinetics in the ISF during physical exercise.

This state of knowledge aims to highlight the relevance

or irrelevance of dermal ISF as a medium for phys-

ical activity-induced lactate monitoring and areas of

persistent uncertainty.

3.2.1 Definitions

D-lactic acid & L-lactic acid

Lactic acid is a natural organic acid that can take the form

of two enantiomers: l-lactic acid and d-lactic acid. L-lactic

acid is an endogenous compound involved in human

energy metabolism [156]. Tissue sources of l-lactate
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1: Erythrocytes are red blood

cells.

2: Hepatocytes are the chief

functional cells of the liver[157].

3: Myocytes are muscle cells.

4: Astrocytes are a sub-type of

cells in the central nervous sys-

tem

Figure 3.4: The dissociation of

lactic acid. From [158]

5: pKa is the negative loga-

rithm of the acid dissociation

constant. The lower the value of

pKa, the stronger the acid and

the greater its ability to donate

its protons.

6: The human body pH ranges

between 7.35 to 7.45 under nor-

mal conditions [168].

Figure 3.5: Pyruvate produc-

tion in cells from glucose.

Figure 3.6: Blood lactate re-

sponse in athletes vs. non-

athletes. *Statistically signifi-

cant difference between ath-

letes vs. non-athletes (adjusted

p < 0.005). From [171]

production include erythrocytes1
, hepatocytes2

, skeletal
myocytes3

, skin, and astrocytes4
[158, 159]. On the other

hand, d-lactic acid is produced in some less relevant

metabolic pathways or by microorganism strains [160].

Lactic acid bacteria produce lactic acid in the small intes-

tine and colon [161, 162]. Blood contains approximately

100 times more l-lactate than d-lactate [129, 163]. The

pathological significance of lactate is almost entirely

confined to the l-lactate isoform [164]. It is the isoform

routinely measured at the point of care [165] and in the

laboratory [166].

Lactate & Lactic acid

Lactate is a hydroxy monocarboxylic acid anion [155].

The lactic acid’s conjugate base arises from the carboxy

group’s deprotonation [155, 167]. Lactic acid pKa
5

(3.86

[155]) is lower than physiological pH values
6

[169, 170].

Consequently, lactic acid metabolized is dissociated

at more than 99% into lactate and H
+

ions [169], like

other organic acids of intermediate metabolism [167].

The interchangeability of lactic acid and lactate terms in

physiology is thus relatively justified.

3.2.2 Lactate metabolism & Cori cycle

Aerobic respiration & Anaerobic respiration

During rest and light physical activity, oxygen supply

to cells is sufficient for aerobic respiration. Aerobic respi-

ration is a cellular metabolism process by which cells

break down carbohydrates and lipids to generate adeno-
sine triphosphate7

(ATP) molecules. Glucose molecules

are formed from glycogen in the cell or supplied by the

GLUT4 transporter from blood [173]. Glucose is bro-

ken down during the glycolysis process. Nicotinamide
adenine dinucleotide (NAD+) co-enzyme catalyzes this

reaction in the cytoplasm. The intermediate metabolite

pyruvate is produced. If oxygen is abundant in the cell,

pyruvate can enter the mitochondria, generating 32 to

38 ATP. Intense exercises cause cellular hypoxia and

lead to anaerobic metabolism. Anaerobic respiration is the
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7: ATP is the energy source for

use and storage at the cellular

level [172].

Figure 3.7: Corri cycle

schematic overview. From

[175].

Figure 3.8: Figure redrawn

from data from Sahlin et al.

[176] (Figs. 1 and 2, p. 46), show-

ing the linear relationship be-

tween the sum of muscle lactate

and pyruvate vs. muscle pH.

Data are combined from dif-

ferent exercise intensities and

different recovery durations af-

ter exercise to exhaustion. From

[177].

Figure 3.9: Scheme of tissue

contributions to systemic lac-

tate turnover in healthy hu-

mans during moderate inten-

sity exercise. From [178]

process by which skeletal muscle cells produce energy

without oxygen. The Cori cycle, also known as the Lactic

acid cycle, describes the metabolic pathway of lactic

acid produced during anaerobic metabolism by skeletal

muscle cells [174]. Instead of entering the mitochondrial

matrix, excess pyruvate is catalyzed with Nicotinamide

adenine dinucleotide (NADH) by lactate dehydrogenase

(LDH) enzyme into lactic acid. LDH has a greater bind-

ing affinity for l-lactate than d-lactate [167]. D-lactate is,

when present, metabolized at a slower rate.

Muscle lactate release

High lactic acid production can cause lactic acid aci-

dosis
8

in muscle cells [180, 181]. The monocarboxylate

transporter MCT1
9

avoid acidosis by evacuating lactic

acid from the muscle cell to the blood [183, 184]. Lactate

is buffered in plasma by bicarbonate of soda (NaHCO3)

[158]. Lactic acid accumulates in contracting muscle

and blood, beginning around 50-70% of the maximal

O2 uptake, well before the aerobic capacity is fully uti-

lized [185]. The predominant explanation is that lactate

production during submaximal dynamic exercise is not

O2 dependent [186].

Lactate fate in the organism

Lactate produced during exercise muscle is distributed

unevenly throughout the body’s different compart-

ments [178]. The anaerobic component of cellular metabolism

can be theoretically assessed by measuring lactic flux at

the cellular level or the level of the isolated muscle [187].

At the whole organism level, blood measurements are

more complex to be relevantly interpreted as a muscle

fatigue indicator due to the actions of different bodies

on the lactic flux, the action of unused muscles, and

the multicompartmental diffusion of lactate [187]. Dif-

ferent compartmental models have been formulated to

predict blood lactate concentration ([La
−
]𝑏𝑙𝑜) [188–194].

Although some show promising results, these models

have limitations. They usually include many assump-

tions not applicable to continuous monitoring, such

as when the maximum post-exercise [La
−
]𝑏𝑙𝑜 will be
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8: Lactic acidosis is defined as

a blood lactate concentration of

5 mmol/L and a pH lower than

7.35 [179].

9: Monocarboxylate trans-

porters (MCTs) catalyze the

proton-linked transport of

monocarboxylates such as

L-lactate, pyruvate, and the

ketone bodies across the

plasma membrane [182].

Figure 3.10: A typical [La-]b

response to a progressive, in-

cremental exercise test. LT rep-

resents the “lactate threshold.”

These are whole blood mea-

surements corrected for water

content. From [129]

Figure 3.11: Schematic view of

Lactate rate of appearance (Ra),

Lactate rate of disappearance

(Rd), and resulting [La
−

]𝑏𝑙𝑜 dur-

ing progressive, incremental

exercise. From [195]

reached, a glycogen fixed concentration, or specific stim-

ulation intensities or durations. Although they do not

make it possible to formulate complete models, the ad-

vances made in recent years provide answers regarding

the distribution of lactate in the different compartments

of the body.

3.2.3 Lactate pharmacokinetics during

exercise

Lactate produced during exercise muscle is distributed

unevenly throughout the body’s different compart-

ments [178]. The anaerobic component of cellular metabolism

can be theoretically assessed by measuring lactic flux at

the cellular level or the level of the isolated muscle [187].

At the whole organism level, blood measurements are

more complex to be relevantly interpreted as a muscle

fatigue indicator due to the actions of different bodies

on the lactic flux, the action of unused muscles, and

the multicompartmental diffusion of lactate [187]. Dif-

ferent compartmental models have been formulated to

predict blood lactate concentration ([La
−
]𝑏𝑙𝑜) [188–194].

Although some show promising results, these models

have limitations. They usually include many assump-

tions not applicable to continuous monitoring, such

as when the maximum post-exercise [La
−
]𝑏𝑙𝑜 will be

reached, a glycogen fixed concentration, or specific stim-

ulation intensities or durations. Although they do not

make it possible to formulate complete models, the ad-

vances made in recent years provide answers regarding

the distribution of lactate in the different compartments

of the body.

Muscle versus blood lactate concentrations

[La
−
]𝑏𝑙𝑜 results from global lactate appearance and

disappearance, not only the lactate appearance and

disappearance of the stimulated muscle fibers [132, 195].

The lactate transport from the active muscle to the blood,

which depends on the concentration gradient, also plays

a role [132]. Despite the complexity of the phenomena to

be taken into consideration, numerous pieces of evidence
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Figure 3.12: [La
−
]𝑚𝑢𝑠 (stars)

and [La
−

]𝑏𝑙𝑜 (dots) for submax-

imal (70%Vo2max) and maxi-

mal (100%Vo2max) exercise in-

tensity in six healthy male sub-

jects during bicycling exercises.

From [196]

Figure 3.13: Whole [La
−

]𝑏𝑙𝑜 ver-

sus corresponding [La
−

]𝑝𝑙𝑎 . SD:

standard deviation of [La
−
]𝑏𝑙𝑜

to [La
−

]𝑝𝑙𝑎 ratio. N = 324 blood

samples. From [129]

10: The hematocrit is the vol-

ume percentage of red blood

cells in blood

11: In comparison, plasma glu-

cose values are about 10% - 15%

higher than whole blood when

the hematocrit is normal [205,

206].

demonstrate that active muscle lactate concentration

([La
−
]𝑚𝑢𝑠) presents similar patterns to those of [La

−
]𝑏𝑙𝑜

[196–199].

Whole blood versus plasma lactate concentrations

Several studies show an inhomogeneous distribution of

lactate in blood during graded exercise [200–203]. Ac-

cording to their membrane potential, the erythrocytes’

intracellular concentration is lower than the plasma

lactate concentration ([La
−
]𝑝𝑙𝑎) [129, 202, 204]. Conse-

quently, whole [La
−
]𝑏𝑙𝑜 must be differentiated from

[La
−
]𝑝𝑙𝑎 . The whole blood-plasma lactate concentration

ratio might vary from 63% to 81% depending on plasma

water content and hematocrit
10

[129]. [La
−
]𝑝𝑙𝑎 is, around

1.5 times higher than whole [La
−
]𝑏𝑙𝑜 at rest

11
[207–209].

This ratio increases during rapid and graded exercise-

induced lactate releases [200, 204]. This distinction is

a significant issue for blood lactate measurements. In-

deed, different lactate analyzers measure plasma or

whole blood lactate concentration. Which concentration

is measured by point-of-care devices could be unclear

[129]. [La
−
]𝑝𝑙𝑎 is traditionally measured in central labo-

ratories.

Arterial versus capillary blood lactate concentrations

Arterial blood is the standard sample for laboratory

lactate measurement [210]. It gives a reliable indication

of global appearance and disappearance [211]. At rest, ar-

terial lactate and capillary lactate are weakly correlated

[209]. Several studies demonstrate that capillary plasma

lactate concentration ([La
−
]𝑐𝑎𝑝) and hand-held point-of-

care (POC) device measurements are significantly higher

than arterial plasma lactate concentration ([La
−
]𝑎𝑟𝑡) and

its measurements in laboratory [212–214]. The magni-

tude of this bias varies between studies [211]. Unlike

well-validated central laboratory equipment, hand-held

POC devices do not provide sufficiently relevant clinical

data to draw medical diagnoses[215, 216]. However, cor-

relation between [La
−
]𝑎𝑟𝑡 and [La

−
]𝑐𝑎𝑝 increases during

physical exercise [209]. Although capillary blood sam-

ples for in-hospital medical diagnostics remain debated,
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Figure 3.14: Picture of the Lac-

tate Pro 2, a commercially avail-

able blood lactate analyzer.

Figure 3.15: Schematic repre-

sentation of the skin layers.

12: Depending on the location,

continuous capillaries are gen-

erally the most present in the

skin, and the least porous cap-

illary type.

Figure 3.16: Evolution of

[La
−
]𝑝𝑙𝑎 (square) and dermal

[La
−
]𝐼𝑆𝐹 (triangle) during an

oral glucose tolerance test.

From [223]

capillary lactate measurements are consistently usable

for sports training applications [209, 217, 218].

Absolute capillary blood lactate concentrations versus portable
analyzers measurements during exercise

The most important study on commercialized portable

blood lactate analyzers since 2015 was led by J. M.

Bonaventura et al. [219]. They realized a comparative

study on five hand-held blood lactate analyzers. They

tested the devices on venous blood samples. The de-

vices’ reliability was generally lower than 0.5 mM for

concentrations of 1.0 to 10 mM. For all five portable

analyzers, the analytical error within a brand was much

smaller than the biological variation in venous blood

lactate. Compared with a criterion blood lactate ana-

lyzer, all portable analyzers tend to under-read (i.e.,

a negative bias), particularly evident at the highest

concentrations (15 to 23 mM) [219, 220].

Capillary blood versus interstitial lactate concentrations

Analytes in ISF come from the blood through continu-

ous capillaries
12

. Pores of their lining only allow small

solutes, under approximately 70kDa, to pass across the

capillary wall [221, 222]. Lactate molecular weight being

90 Da, it highly diffuses into the ISF and Lactate ISF con-

centration ([La
−
]𝐼𝑆𝐹) has a nearly 1:1 ratio correlation

with [La
−
]𝑐𝑎𝑝 [95].

Dermal interstitial lactate concentrations

In healthy people, skin lactate concentration at rest is be-

tween 1 and 2.5 mmol/l [225]. Resting dermal [La
−
]𝐼𝑆𝐹

is in average about 30% higher than arterial [La
−
]𝑝𝑙𝑎

[225, 226]. Indeed, [La
−
]𝑝𝑙𝑎 at rest comprises between

0.5mmol/l and 2mmol/l in healthy humans, depending

on people and time [227]. Like other tissues, the skin

releases lactate. Skin contributes about 5% at rest to the

whole-body lactate turnover [223]. However, despite

the high proportion of whole-body lactate production

by skin, the evolution over time at rest of skin lac-

tate concentration appear to reflect the evolution of

the plasma concentration relatively well [223]. The
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Figure 3.17: Measurement

(n=6) of dermal concentration

in either abdominal or forearm

skin depends on the dermal

tissue’s catheter depth accord-

ing to a linear relationship (R=-

0.89, P < 0.05). From [223]

Figure 3.18: Lactate concentra-

tion of skin surface on working

muscle at rest, during cycle ex-

ercise and recovery when one

subject performed the same ex-

ercise ten times. From [224]

efficient blood-ISF bilateral diffusion of lactate seems

to explain this correlation. As for glucose, lactate is

subject to the inherent plasma-to-ISF lag [95]. An in-

sufficient number of physiological studies address this

delay for lactate. However, recent non-commercialized

microneedle-based lactate biosensors suggest a mea-

sured lag time of approximately 10 minutes relative to

plasma variations [228, 229]. The subcutaneous depth

of the capillary plexus varies between 0.6 and 1.5 mm,

depending on the on-body location [230]. Consequently,

the delay between [La
−
]𝐼𝑆𝐹 at the microneedles loca-

tion and [La
−
]𝑝𝑙𝑎 may vary depending on the on-body

location and Microneedles subcutaneous depth.

To our knowledge, no study deals with the correlation

between dermal [La
−
]𝐼𝑆𝐹 and arterial [La

−
]𝑝𝑙𝑎 during

exercise. However, the net production of lactate by the

muscles increases drastically during exercise compared

to other organs, including the skin [178]. Consequently,

the correlation between [La
−
]𝐼𝑆𝐹 and [La

−
]𝑝𝑙𝑎 is probably

better during exercise than at rest. Further studies re-

main necessary to quantify this correlation and possible

parameters to be considered, such as the location on

the body of the dermal ISF sampling and its proximity

to the producing muscles. In addition, the dermal lac-

tic concentration could vary depending on the depth

under the skin. Krogstad et al. suggest a possible neg-

ative linear relationship between the catheter location

in the dermal tissue layer and dermal [La
−
]𝐼𝑆𝐹 during

microdialysis measurements [231]. Further studies are

needed to confirm and quantify the influence of the

microneedles depth of a minimally-invasive lactate

monitoring device.

3.2.4 Conclusion

A report on the diffusivity status of lactate at rest and

during activity is presented. During exercise, lactate

is mainly released from muscle tissue. Synthesized by

skeletal muscle cells, lactate diffuses throughout the

body from the ISF of muscle cells to plasma, then from
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Figure 3.19: Flexible micronee-

dles array developed by Caliò

et al. From [233]

Figure 3.20: Bollella et al.’s Poly-

carbonate structure of four 4x4

microneedle arrays metalized

with gold and silver. From [234]

Figure 3.21: Front and back of

the operational amplifier cir-

cuit of the wearable biosensor

developed by Chien et al. From

[229]

capillary vessels to the subcutaneous and dermal ISF.

Lactate’s low molecular weight and high diffusivity

suggest similar and correlated concentrations in extra-

cellular fluid [95].

Few data are available on lactic acid concentrations in the

skin and their variations during physical effort. Despite

a consortium on the correlation between blood and in-

terstitial concentrations, uncertainties in measurements

of dermal ISF concentration remain greater than for glu-

cose [232]. Depth in the dermis seems to have an impact

on measured levels. Hydration may also be a factor in

blood-tissue lactate crosstalk [232]. These parameters

must be investigated to characterize the medical rele-

vance of its monitoring in dermal ISF. Further studies on

lactate pharmacology are required to develop relevant,

accurate, minimally-invasive lactate biosensors.

3.3 Fabrication of a Lactate Biosensor

3.3.1 Related Works

Several wearable microneedle-based enzymatic lactate

biosensors have been developed.

Caliò et al. (2016) fabricated a lactate and glucose mi-

croneedles detection system [233]. They employed pho-

tolithography techniques to create polymer-based mi-

croneedles, incorporating the enzymes lactate oxidase

(LOx) and glucose oxidase (GOx) into a photocurable

mixture. Lactate and glucose are amperometrically de-

tected in buffer-based solutions.

A notable feature of their approach is integrating en-

zyme and material in the same mixture, reducing the

need for additional functionalization steps. Their proof-

of-concept did not fully align with the clinically relevant

concentration ranges for lactate (0.5–5 mM), highlight-

ing the need for further optimization and calibration

[233].

Bollella et al. (2019) developed a microneedle-based

biosensor using a polycarbonate substrate with gold
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Figure 3.22: Sensors are in-

stalled on the leg’s upper

and lower parts during Chien

in vivo experimentation. From

[229]

metallization on the working electrode [234, 235]. The

working electrode was functionalized with electropoly-

merization with methylene blue and the enzyme chemi-

cal attachment via drop casting. This innovative device

measures lactate concentration within a linear range of 0

to 100𝜇M in ISF and human blood serum. While these re-

sults fell short of measuring lactate within the clinically

relevant range, they provided valuable insights into the

impact of fluid complexity on sensor performance.

Chien et al. (2022) developed a low-cost continuous

lactate monitoring system (CLMS) based on a percuta-

neous microneedle array [229]. The working electrode

has an area of 10 mm × 6 mm, including a 3 × 3 array

of stainless-steel microneedles. Each needle’s length,

width, and thickness are 1 mm, 0.44 mm, and 0.03 mm,

respectively. The working electrode is plated with gold,

polyaniline, lactate enzyme, Nafion, and poly-HEMA.

The reference electrode is a 2 × 1 array covered with

silver chloride, and the counter electrode is a 2 × 1 array

plated with gold. The sensor is incorporated into the

CLMS and connected to a smartphone application and

the cloud. The CLMS was tested on 40 human subjects

who rode indoor bicycles, starting at 100 W and increas-

ing in 25 W steps every 5 minutes until exhaustion. The

wirelessly acquired data were analyzed to determine

the subjects’ lactate response to exercise [229].

The biosensor architecture developed in this thesis in-

volves polypyrrole and lactate oxidase on a platinum

substrate. The design of a miniature electronic system

for signal acquisition is also covered.

3.3.2 Electronics

Potentiostat principles

A potentiostat is an electronic device used in electro-

chemistry to control the voltage between a working

electrode and a reference electrode in an electrochem-

ical cell [236]. This device and measuring tool allows

to perform various electrochemical techniques, such
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Figure 3.23: Simplified elec-

tronic diagram of a potentiostat.

From [243]

Figure 3.24: Commercial image

of the PalmSens MultiEmstat3+

potentiostat. From [244]

Figure 3.25: Electronic

schematic of the Texas Instru-

ments LMP91000 development

board. Illustration taken

from LMP91000 Sensor AFE

Software [247].

as cyclic voltammetry, linear sweep voltammetry, and

amperometry [237]. Those techniques permit the study

of the electrochemical properties of materials, monitor-

ing chemical reactions, and investigating the behavior

of electroactive species in solution. Potentiostats are

employed for various purposes, including the study of

corrosion mechanisms [238], the development of sensors

and biosensors [239], and the investigation of electro-

catalytic processes [240]. They can also be used in the

fabrication of nanostructures [241], and for educational

purposes in teaching electrochemistry fundamentals

and applications [242].

A potentiostat maintains a constant potential difference

between the working and reference electrodes while

measuring the current that flows between the working

and counter electrodes [237]. This allows researchers to

study the relationship between the applied potential and

the resulting current, providing valuable information

about the electrochemical processes occurring at the

electrode surface.

LMP91000 characteristics

We opted for a cost-effective electronic development card:

the LMP91000 of Texas Instruments [245]. The LMP91000

is an integrated analog front-end (AFE) chip manufac-

tured by Texas Instruments (TI) and is specifically de-

signed for use in electrochemical sensing applications.

The card is comparable to high-end potentiostats costing

several thousand euros. This board is not provided with

data analysis software, like for commercialized poten-

tiostats, such as the PSTrace package for PalmSens brand

potentiostats [246]. In return for the affordable price, use

involves programming in C++ and manually uploading

the code for basic electrochemical experiments.

The LMP91000 is designed for 3-lead single gas and

2-lead galvanic cell sensors. This device provides all the

functionality for detecting changes in gas concentration

based on a delta current at the working electrode. The

LMP91000 generates an output voltage proportional

to the cell current. The trans-impedance (TIA) gain is
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Figure 3.26: [247].

program-controlled through an I2C-compatible inter-

face by changing resistor values in the LMP91000. The

TIA gain varies from 2.75 k to 350 k corresponding to a

current range from 5 A to 750 A full scale. Optimized

for micro-power applications, the LMP91000 AFE works

over a 2.7 V to 5.25 V voltage range. The cell voltage

is user-selectable using the onboard programmability.

A temperature sensor is embedded and can be power

cycled through the interface. The user reads the temper-

ature sensor output through the VOUT pin. It is also

possible to have both temperature output and output

of the TIA simultaneously. Indeed, pin C2 is internally

connected to the output of the trans-impedance (TIA),

while the temperature is available at the VOUT pin.

Depending on the configuration, the total current con-

sumption for the device is less than 10 A. For power

savings, the trans-impedance amplifier can be turned off

and instead, a load impedance equivalent to the TIA’s

input impedance is switched in. [248]

Key features of the LMP91000 include:

1. Sensor Interface: The chip can interface with var-

ious electrochemical sensors, including ampero-

metric, potentiostatic, and galvanic cell sensors. It

supports both three-electrode and two-electrode

sensor configurations;

2. Programmable Gain: The LMP91000 allows the

gain adjustment of the analog front-end to match

the sensitivity of the connected sensor, making

it suitable for a wide range of sensor types and

applications;

3. Low Noise: It provides low noise and high preci-

sion, crucial for accurate measurements in electro-

chemical sensing applications;

4. Temperature Compensation: The chip includes fea-

tures for temperature compensation, helping to

maintain sensor accuracy even in varying tempera-

ture environments;

5. Integrated Voltage Reference: The board features

an integrated voltage reference source, simplifying

the design and calibration process;
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Figure 3.27: A coin-size po-

tentiostat for wearable biosen-

sors developed by Hoilett et al.

[261].

6. Programmability: The AFE can be configured and

programmed to meet the specific requirements of

different sensors and applications, allowing for

flexibility in sensor selection and calibration.

The LMP91000 is involved in several research projects

with biosensing applications, including: glucose [249,

250], sweat lactate [251, 252], urea detection [253, 254],

viruses [255, 256], nucleic acid [257], estrogens [258],

heavy metals in water [259] and other non-specific

biomarker applications [260–263]

LMP91000 programming

Without modifications, the LMP91000 has an internal,

14-point bias circuit allowing for 14 different adjustable

potentials between the working and reference electrodes.

The LMP91000’s internal bias circuitry sets the voltage

reference and outputs a fraction of the voltage applied

to LMP91000’s VREF pin. The available biases are 0%,

1%, and from 2% to 22% in 2% steps. At an operating

voltage of 3.3 V, a 14-point setting, provides a voltage

resolution of about 66 mV and, at best, 54 mV voltage

resolution at the LMP91000’s lowest operating voltage

of 2.7 V. We set up the LMP91000 as follows:

1. The Mode Control Register allows the configu-

ration of the Operation Mode of the LMP91000.

We set the MODECN variable to bit 0x03, which

corresponds to the 3-lead amperometric cell mode;

2. TIA_GAIN parameter is defined at a 120 kΩ resis-

tance. The load resistance is set to 100 Ω;

3. The Reference control register (REFCN) allows the

configuration of the Internal zero, the Bias, and the

Reference source. We set the Bias on the eleventh

bit, which corresponds to 24% of the reference

electrode potential. The voltage source is defined

as internal and positive.

The reference voltage applied to the LMP91000 is 2.5

Volts. The standard electrode potential of hydrogen

peroxide oxidation is 0.68 V. By setting the cell bias

voltage at 24% of the reference voltage, the maximum

value allowed, we obtain a bias voltage of 0.6V. Therefore,
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Figure 3.28: Example of

chronoamperometry with a

5 mM concentration steps,

from 0 to 15 mM. The current

intensity is measured at

regular intervals. Sensor

sensitivity is calculated by

dividing the current variation

by the concentration variation

over a given concentration

range. From [103]

13: Chronoamperometry is a

time-dependent technique ap-

plying a potential to the WE

in an electrochemical cell, al-

lowing for the electrolysis of

a chemical species while mea-

suring the current. The current

between the WE and RE is lin-

early correlated to the analyte

concentration toward the sen-

sor surface. [264, 265]

Figure 3.30: Lactate oxidation

into pyruvate, catalyzed by

LOx. Dioxygen must be abun-

dant. From [267]

the potential applied at the CE is slightly lower than

the H2O2 standard electrode potential. As a result, the

oxidation reaction can be slowed down.

A WeMos D1 Mini controls the LMP91000. The Linnes-

Lab code available on Github was used to carry out

chronoamperometry
13

[266]. The easy exploitation of

the data measured by chronoamperometry justifies this

technical choice.

Figure 3.29: The WeMos D1

mini controlling the LMP91000.

3.3.3 Chemical Functionalization

A rigorous protocol was defined and followed to per-

form the functionalization of the lactate biosensor on

a platinum wire. The equipment used is as follows:

LMP91000 from Texas Instrument and a WeMos D1

mini, Lactate Oxidase (LOx), PolyPyrrol (PPy), piece

of pure platinum wire, lactic acid solution, Phosphate

Buffer Saline (PBS), Soda, magnetic stirrer, a 1ml elec-

tronic micropipette, a 2ml Eppendorf tube, a 500 ml

beaker, crocodile clips.

Chemical cleaning of platinum wires

Functionalization tests were carried out on a metal wire

before resorting to microneedles. The wire used is 99.99%

platinum, with a diameter of 0.3 millimeters, sold by

Vrttlkkfe [268]. Platinum is often used in biosensors due

to its high catalytic activity, high electrical conductiv-

ity, and biocompatibility [269]. Other metals used in

biosensors are gold, palladium, rhodium, ruthenium

and copper [270].
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We sanded the wire to remove any surface treatment

and cut several pieces of approximately 5 centimeters in

length. These pieces have undergone chemical cleaning.

0.8g of solid soda was dissolved in a 100 ml beaker of

distilled water. The wires were immersed in the soda

solution for 10 minutes, before being cleaned thoroughly

with ethanol, and dried at room temperature. Chemical

cleaning removes contaminants or impurities from the

platinum surface.

PPy solution preparation

PPY is one of the most extensively used conducting

polymers to design bioanalytical sensors[271]. We pre-

pared a polypyrrole solution by dissolving 0.4 g of PPy

powder in 20 mL of acetone. The mixture was stirred for

30 minutes at room temperature until the PPy powder

was fully dissolved. 80 ml of distilled water was added

to the solution and stirred for 15 minutes to obtain a

homogeneous PPy solution.

Immobilization matrix dip-coating

The platinum wire intended for the WE was dip-coated

with PPy. Immobilization matrix dip coating is used

to immobilize or attach biomolecules, such as enzymes

or antibodies, onto a surface. This process involves im-

mersing or dipping, a substrate into a coating material

solution [272, 273]. We dipped the cleaned platinum

wire into the PPy solution and withdrew it slowly at

approximately 2 cm/min for 2 minutes. The coated wire

was then dried at 60°C in an oven for 30 minutes.

Preparation of the functionalization solution

Functionalization solution is a solution used to modify

the surface of a material to enhance its properties for a

specific application [274]. In the context of enzymatic

biosensors, a functionalization solution is used to modify

the biosensor’s surface to enhance the enzyme’s immo-

bilization and improve its stability and activity. Lactate

oxidase is an enzyme produced by various microorgan-

isms [275]. LOx catalyzes lactate oxidation to pyruvate

and hydrogen peroxide [276]. We pour 2 µl of LOx in a
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Figure 3.31: Molecular 3D rep-

resentation of the lactate oxi-

dase.

Figure 3.32: Main methods

used for enzyme immobiliza-

tion. From [278].

2 ml Eppendorf tube using a micropipette and 2 ml of

PBS, shaking the tube vigorously to homogenize.

Enzyme immobilization

Biosensor functionalization consists of immobilizing the

enzyme on a transducer surface [277]. The four main

immobilization methods are (1) non-covalent adsorption

and deposition, (2) physical entrapment, (3) covalent

attachment, and (4) bio-conjugation (figure 3.32). LOx

is immobilized by physical entrapment [278]. Physical

entrapment consists of the enzymes’ inclusion in a poly-

mer matrix. Enzymes’ physical entrapment in PPy has

been reported to enhance the stability and activity of

the enzyme [279].

0.2ml of the functionalization solution was drop cast

onto the last 2 cm platinum wire to immerse the PPy-

coated platinum wire. The wire was left immersed for

12 hours at room temperature. The PPy 3D structure

should entrap the enzyme molecules. The wire was

removed from the lactate oxidase solution and washed

with PBS.

The experiment to characterize the designed biosensor

is presented in the Experimentation section.

3.3.4 Microneedles Fabrication

Microneedles design

Once the proof of concept of the biosensor has been car-

Figure 3.33: (A) Chemical

cleaning with a soda solution

(0.2mM). (B) Stationary PPy de-

position tests. Activated carbon

powder was used to try and in-

crease conductivity. (C) Drop-

casting the functionalization so-

lution.
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ried out on microneedles, the challenge is to reproduce

the experiment on microneedles. A microneedle module

for the BioWatch has been modeled in 3D. The first ver-

sion is a ring, with a diameter of 2.5 centimeters. It has

12 microneedles of 0.8 millimeters in height. The place-

ment of the needles was set to be connected by tracks.

The tracks are hand-painted with conductive paste. The

WE and CE tracks each connect four microneedles. Four

additional needles are also provided for the RE in an-

other version for three-electrode mode. The final version

has 18 microneedles - 6 for each electrode - spaced 4

millimeters apart.

BioWatch integration system

Three slots are provided for the integration of Pogo pin

connectors. Spring-loaded pins ensure the connection of

the painted track on the microneedles with the female

pins of the BioWatch potentiostat PCB. The WE, CE, and

RE tracks are thus connected to the associated electronic

leads for signal acquisition. An equilateral triangle en-

compasses the ring in the microneedles module’s final

version. Three magnets of two millimeters in diameter

fit at each corner. The combination of connectors and

magnets ensures the pluggable and changeable nature

of the microneedle module. This system makes a real

contribution to BioWatch, by only disposing of the mi-

croneedle module at the end of the life of the biosensor.

The current design of marketed CGMs often involves

throwing away the entire electronic system.

Microneedles 3D printing

The module is 3D printed. The printer used is a Form 3+

from Formlabs. Form 3+ is a desktop Stereolithography

3D printer powered by Low Force Stereolithography

(LFS) technology and engineered to obtain exceptional

print quality with hassle-free post-processing [280]. The

material used is BioMed Clear Resin V4 from Formlabs

[281]. The rigid and transparent resin is suitable for

biocompatible applications requiring long-term skin or

mucosal membrane contact.

Laser printing was carried out with a layer thickness
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of 25µm. The post-treatment process consists of rinsing

with ethanol and drying in the oven at 40°C for 20

minutes. This temperature, lower than the recommended

60°C [282], limits material contraction and preserves

the sharp shape of the Microneedles. After the post-

treatment, the pogo pins and the magnets are integrated

by simple embedding.

Figure 3.34: The microneedles

module disposed under the

BioWatch. Three magnets se-

cure the module in place.

Metallization of microneedles

The metallization was done with platinum paste PT1

from Greatcell Sollar Materials [283]. The paste was ap-

plied to the needles. The tracks could be roughly traced

using a micropipette and a toothpick. The microneedle

module is then dried in the oven at 200°C for half an

hour. Drying allows uniformly distributed platinum

nanoclusters, providing transparency and high catalytic

activity. However, the platinum paste turned out to be

too viscous. Before the paste could dry, the volume de-

posited expanded widely, mixing the different tracks.

Once dry, the measured conductivity is almost zero. Too

low a drying temperature can also explain this.

3.3.5 Evaluation

The platinum wire biosensor was tested in vitro. An

experimental setup was carried out under measured

laboratory conditions.

Set-up

The LMP91000 board is set in 3-electrode chronoam-

perometry mode. The WeMos drives the AFE. Two
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pre-cleaned platinum wires are connected to the RE

and CE leads. A third wire, functionalized according to

the above protocol, is connected similarly to the WE. A

beaker was filled with 400 ml of PBS. The three wires

are positioned to be immersed by about two centimeters,

without touching the walls.

Figure 3.35: Experimental set-

up. A carton support maintains

the three wires/electrodes im-

mersed and immobile.

Protocol

The Arduino program is run. After 45 minutes, the

current offset is relatively stable. The first dose of 1.5ml

lactic acid is injected into the beaker using an electronic

micro-pipette. This dose corresponds to a concentration

of XX mol/ml. Three minutes later, another 1.5ml of lactic

acid is added. The operation is repeated 10 times.

𝐶3𝐻6𝑂3 + 𝑂2 ⇋ 𝐶3𝐻4𝑂3 + 𝐻2𝑂2 (3.1)

𝐻2𝑂2 ⇋ 𝑂2 + 2𝐻+ + 2𝑒− (3.2)

Figure 3.36: (3.3) Lactate oxi-

dation to pyruvate and hydro-

gen peroxide and (3.4) hydro-

gen peroxide oxidation.

Throughout the experiment, current intensity is mea-

sured every second. After the tenth injection, chronoam-

perometry is stopped. Data are exported in CSV format.

The CSV file generated is imported into PalmSense’s

PSTrace 5.9 software [284]. The software enables tem-

poral visualization of the evolution of the current mea-

sured during chronoamperometry. The sensor can be

considered functional if significant increases in current

intensity coincide with lactic acid injection timing.

A total of seven sensors were tested under different
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conditions. Only one experiment proved conclusive,

with current plateauing at certain injections. This low

success rate is probably due to electronic connection

problems. The functional sensor was characterized. Its

sensitivity is 1.8 nA/mM. Its detection limit is less than

5 mM and its detection range extends from 5 to 20

mM.

Figure 3.37: Zoom in on the

stages corresponding to lactic

acid injection on the chronoam-

perometric curve.

3.3.6 Future works

Chemistry

The biosensor developed has some technical limitations.

The calculated sensitivity is relatively low compared

with the state of the art. Similar lactate biosensors have a

sensitivity about ten times higher. One potential explana-

tion is the poor immobilization of LOx on the platinum

surface. Sensor stability and reproducibility also remain

to be quantified. At the chemical level, future surface

analysis work would enable assessing the enzyme im-

mobilization quality. Cyclic voltammetry in a Fe
2+

/Fe
3+

solution would optimize the cleaning and deposition

steps. Other deposition techniques can improve sensor

performance, such as electrodeposition. Immobilization

by adsorption rather than simple entrapment in the

polymer matrix would increase the biosensor’s lifetime,

which remains to be determined through long-term

testing.

Electronics
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In terms of electronics, the signal acquisition setup

needs significant improvement. The current setup favors

wire connection errors, and hence debugging time and

data loss during chronoamperometry. Testing with a

commercial potentiostat could alleviate this problem,

facilitating biosensor optimization through advanced

electrochemical analysis.

Microneedles transposition

The miniaturization of the wires-based biosensor into

a microneedle biosensor also remains unachieved. A

technical solution for needle metallization should enable

tracing distinct tracks. The metallization process requires

heating the microneedle module sufficiently to dry the

paste and ensure the platinum particles monodispersion,

without melting the resin. Experimentation with other,

less viscous platinum pastes, with drying temperatures

below the resin oxidation temperature of 250°C [285],

is necessary. Nanochemazone’s platinum paste with a

drying temperature of 150°C and a modifiable viscosity

should be considered for these future tests [286].

BioWatch integration

Finally, work on integrating the microneedle module into

the BioWatch must be pursued. The miniature electronic

board for signal acquisition and processing is designed

but not printed. Pogo pin connectors must be adapted

to this new board. Once functional, this board can be

merged with the BioWatch operating board through

advanced electronic engineering.

3.3.7 Conclusion

This study detailed the development of a microneedle-

based lactate biosensor, encompassing the various stages

from conception to evaluation. A proof of concept for

a lactate biosensor on platinum wire has been devel-

oped. The microneedle module provides BioWatch with

minimally-invasive biomarker monitoring functional-

ity. While challenges were encountered in microneedle

biosensor fabrication, the groundwork laid demonstrates
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Figure 3.38: Example of oper-

ator assembly on Cables.gl to

generate a set of random points

on a cone surface with 3D nav-

igation.

promising potential for wearable biosensing technology.

This study provides valuable insights into wearable

biosensors and establishes a foundation for future re-

search and development.

3.4 Interactive 3D Modeling Of The

Molecular-Scale Microneedle

Biosensor

An educational application, called Bione, has been devel-

oped to image the microneedle biosensor working in vivo.

Lactate oxidase (LOx) is replaced by glucose oxidase

(GOx), changing the lactate sensor into a glucose sen-

sor. As glucose monitoring is better known than lactate

monitoring, this change makes Bione more accessible to

a wider audience, with greater public involvement. Be-

sides the enzyme, the chemical architecture of glucose

and lactate sensors is identical. This complementary

work aims to popularize the physical and chemical

principles involved in biosensors. The application is

open-source, developed and accessible on the Cables.gl

platform [287].

Cables.gl is a WebGL-based tool for building and com-

positing real-time interactive animations [288]. The par-

ticularity of this tool is to allow rapid assembly of pre-

built blocks of complex JavaScript code, called "opera-

tors". Cables.gl programming works by linking operators

to construct a scene. Different operators let users ma-

nipulate textures, 3D meshes and data structures such

as Objects, Arrays and file formats such as JSON. The

parameters of the previous operators are propagated

along the tree structure [289].

3.4.1 Architecture overview

Bione is constituted of 3D mesh elements. The three

microneedles and their support were modelized on

SolidWorks, as well as a human cell in a simplified
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cobblestone shape. A 3D array is modeled with one

cell in each location. An animation of exaggerated and

randomized contraction and cell expansion gives the

skin a living appearance. The microneedle holder is

placed on the skin surface. The microneedles pierce the

skin. The tip protrudes beyond the modeled skin layer

for better visualization. A pitching movement of the

camera brings realism and immersion.

The user can navigate through three camera views. The

first allows to visualize the complete scene. The learner

can observe the glucose molecule flux from the ISF

in contact with the WE microneedle, and the current

generated and measured. The second is a zoom on

the WE microneedle. This view includes the electrons

released from the hydrogen peroxide oxidations and

their movement to the CE. The third camera zooms in on

the WE microneedle surface. The user can visualize the

different chemical layers on the metalized needle.

Figure 3.39: Architecture of the

no-code open-source applica-

tion.

Transitions allow to switch smoothly from one view to

another. In each view, a sidebar controls the analyte

concentration value, in this case, glucose. The variation

of modeled glucose molecules is thus proportional to the

variation in the blood sugar level adjusted by the user.

The behavior of the generated electrons and current is

also lively changed.
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A trigger network displays explanations to the user.

Clicking on the highlighted round indicators causes

the appearance of an explanatory text on the element

in question. The captions are written with a simple

vocabulary to be understandable by an uninformed

public. The following elements are thus dealt with: the

WE, the CE, the RE, the ISF, the electrons generated by

oxidation and the resulting current, the immobilization

matrix, the enzyme, and the selective membrane.

Figure 3.40: Screenshot of the

Bione application.

3.4.2 Evaluation

The application was tested by 10 undergraduate students

uninitiated in electrochemistry. Students could navigate

and interact with Bione from their home computer for 15

minutes. The ten students report that Bione is intuitive

and easy to use. All of them understood the concepts

discussed and could explain them again. Eight of them

said they were impressed by the graphics. Nine subjects

felt immersed.

3.4.3 Future works

Future works should optimize Bione’s performance.

Certain graphics cards poorly support the current ap-

plication. This optimization will also enable Bione to

be integrated into a dedicated educational web plat-

form. Supporting other biomarkers would raise users’

awareness of possible medical applications for wearable

biosensors.
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3.4.4 Conclusion

Bione is the first interactive 3D application to learn the

basic principles of biosensors. The web app bridges the

gap between basic pharmacology and electrochemistry

to illustrate the challenges of wearable biosensor design.

The representation of a microneedle-based biosensor

in human skin can be used to inform potential future

wearers. The application popularizes the functioning

of the lactate microneedle biosensor developed for the

BioWatch. Finally, Bione makes the science of biosensors

more accessible.

3.5 Conclusion

Wearable lactate biosensors have the potential to revolu-

tionize the field of sports physiology by providing real-

time, non-invasive monitoring of lactate levels during

exercise. Recent advances in materials science, microfab-

rication, and wireless communication technologies have

driven the development of these biosensors.

This chapter deals with lactate pharmacology during

exercise, to better understand the biological issues in-

volved in monitoring this analyte in the ISF. The litera-

ture review comprehensively explains lactic acid con-

centrations in dermal ISF by addressing the challenges

micro-needle lactate sensor developers face.

The development of a lactate sensor includes program-

ming a physicochemical signal acquisition and process-

ing board, designing the biosensor’s chemical architec-

ture and a microneedle module for the sensor’s wear-

ability. In vitro tests demonstrate and characterize the

sensor performances. The transposition of the biosensor

to an innovative microneedle configuration has been

initiated. The module presented is a 3D resin print. The

skin penetration capability of the microneedles is pain-

less and satisfactory for performing measurements in

dermal ISF. A method of metalizing the needles with a

platinum paste proved inconclusive.
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The design of the first interactive 3D application for learn-

ing about biosensors is covered. The digital platform

helps to promote this discipline. The innovative WebGL

solution demonstrates promising pedagogical perfor-

mance for teaching physicochemical principles.

The work presented in this chapter contributes to re-

searching and popularizing microneedle biosensors for

minimally-invasive biomarker monitoring with smart-

watches. Integrating ISF biomonitoring into smartwatches

could drastically improve the health and experience of

athletes and patients.



Conclusion 4

Work presented in this thesis leads to significant ad-

vances in designing high-performance, non-invasive

wearable biosensor systems with optimized user ex-

perience. The potential of integrating biosensors with

smartwatches for user experience and multi-analyte

monitoring has been demonstrated by developing a

smartwatch prototype and wearable biosensors. An au-

tonomous microfluidic system for monitoring glucose

in sweat has been assembled, and the full development

of a micro-needle lactate biosensor has been initiated.

These two biosensors meet the monitoring needs of dia-

betic and sports medicine. Their respective wireless and

embedded connections with the BioWatch demonstrate

the potential of smartwatches as a modular platform

for implementing wearable biosensors.

Over and above the state-of-the-art knowledge on lac-

tate behavior in the body, this thesis promotes a biosen-

sor design strategy intrinsically based on biomarker

pharmacology. The triptych of technical performance,

user experience, and medical relevance should thus

drive the development of biomonitoring systems. The

smartwatch is likely to be the wearable of the future, dis-

creetly integrating non-invasive biosensors to monitor

our health and well-being. The development of educa-

tional applications such as Bione would facilitate this

advent by popularizing the basic physicochemical princi-

ples involved in biosensors. Empowering smartwatches

with molecular detection technology would elevate

these intelligent accessories into veritable personal

medical coaches, assisting healthcare professionals

with comprehensive medical data.
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