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ABSTRACT 

Biofluids, constituting about 60% of the human body, serve as treasure troves of biomarkers 

such as metabolites and electrolytes, shedding light on individual health conditions. 

Although blood and urine tests have been routinely utilized, they are limited by their invasive 

and episodic nature. However, the promise of continuous and noninvasive access to other 

biofluids like sweat, GI fluids, and saliva paves the way for real-time, onsite health 

monitoring. This thesis delves into the untapped potential of wearable sensors and 

noninvasive biofluid analysis, emphasizing the importance of continuous and sustainable 

monitoring for predictive personal healthcare. Chapter 1 introduces the paradigm of biofluid 

sensing, focusing on sweat as a key candidate for personalized healthcare applications. 

Chapter 2 delves into the physiology of sweat glands, highlighting the composition of sweat 

and the mechanisms behind sweat extraction, either through natural exercise or iontophoretic 

stimulation. Chapter 3 embarks on the development of innovative sensors designed for 

detecting clinically pertinent biomarkers in sweat, a step forward in predictive health 

analytics. In Chapter 4, the spotlight is on system integration, as the study emphasizes the 

need for miniaturized and reliable wireless sensor devices that ensure minimal discomfort 

and maximum reliability. Chapters 5 and 6 delve into strategies for sustainably powering 

wearable devices from energy harvested from body motions and from ambient light, 

respectively. The final chapter, Chapter 7, extrapolates the aforementioned technologies for 

the realm of ingestible devices, adapting them for electrochemical sensing in alternate media, 

primarily gastrointestinal fluids. This allows for enhanced detection of gastrointestinal 

diseases and a deeper understanding of the intricate gut-brain axis. The ultimate vision of 

this research is to equip individuals with wearable and ingestible sensors that can seamlessly 

monitor a broad spectrum of clinically relevant biomarkers. This continuous monitoring, 

coupled with data analytics, will potentially catalyze a shift from reactive to predictive 

healthcare, ushering in an era of personalized therapeutic interventions. As wearable sweat 

and ingestible sensors become mainstream, a confluence of biosensing mechanisms, 

materials science, and flexible electronics is anticipated enable continuous and unobtrusive 
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acquisition of clinically relevant biomarkers over prolonged periods and large populations, 

further refining the nexus between health monitoring and precision medicine. 
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C h a p t e r  1  

INTRODUCTION 

Materials from this chapter appear in ñMin, J.; Tu, J.; Xu, C.; Lukas, H.; Shin, S.; Yang, Y.; 

Solomon, S. A.; Mukasa, D.; Gao, W. Skin-Interfaced Wearable Sweat Sensors for Precision 

Medicine. Chemical Reviews 2023, 123 (8), 5049ï5138. 
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The quest for health and wellness is a journey that mankind has embarked upon ages ago. 

In recent times, this journey has seen the confluence of technology and biology in 

unprecedented ways. The advent of biosensors and their applications in health monitoring 

and disease diagnostics epitomizes this confluence. This chapter delves into the development 

of biosensors, their potential in reshaping precision medicine, and the challenges we face in 

making these devices mainstream. 

1.1 Biosensors for Health Monitoring and Disease Diagnostics 

From their inception as rudimentary step-counters, wearable biosensors have undergone a 

transformative journey. Today, they are among the foremost tools for personal health 

monitoring. This rapid development has largely been fueled by societal shifts, such as 

increasing urbanization, and a growing global emphasis on preventive health measures. 

The earlier versions of wearable devices were limited in their scope. Devices like pedometers 

simply counted steps, giving users a basic idea of their activity levels. Over time, as the 

demand for detailed health metrics grew, the technology underpinning these devices 

advanced dramatically. Modern wearables now incorporate sophisticated sensors that can 

monitor a myriad of biometrics. Today, these devices not only capture heart rate, blood 

oxygen levels, and sleep cycles but are also being developed to analyze biochemical signals, 

promising even more detailed insights into an individualôs health. 

Importantly, traditional gold-standard health screening in biofluids like blood and urine have 

always posed challenges in continuous and non-invasive monitoring. In contrast, fluids such 

as sweat, GI contents, and saliva offer a more accessible avenue for persistent health 

surveillance. Their non-invasive nature paves the way for innovative sensing devices like 

wearable mouthguard sensors for saliva, ingestible capsule sensors for GI fluids, and 

wearable devices for sweat (Fig. 1-1). This shift in fluid preference is a paradigm change, 

setting the stage for more efficient and patient-friendly diagnostics. 
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Figure 1-1. Wireless biofluid sensor network for continuous and noninvasive health 

monitoring. 

One avenue of significant promise in wearable tech is sweat analysis. While often 

overlooked, sweat contains a wealth of biomolecular data. By analyzing sweat, it is possible 

to derive valuable information about a personôs electrolyte balance, hydration status, and 

even certain metabolic markers. As the field progresses, researchers are working to enhance 

wearable devices to continuously monitor and analyze these molecular indicators, offering 

real-time insights into oneôs health. 

Parallel to the advancements in wearables, the realm of ingestible biosensors has seen 

remarkable progress. The human gastrointestinal (GI) tract is an intricate system with 

numerous biochemical processes occurring simultaneously. Traditional diagnostic tools for 

the GI tract, such as endoscopes, offer limited insights, being invasive and restricted in their 

reach. 

Enter ingestible biosensors. These tiny devices, often shaped like pills, are engineered with 

advanced cameras, a myriad of sensors, and transmitters. They travel through the GI tract, 

collecting data and potentially detecting diseases or imbalances at their earliest stages. Their 
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unique ability to access and transmit information from hard-to-reach areas, like the small 

intestine, marks a significant leap in diagnostic capabilities. The aspiration for these sensors 

is not just real-time imaging, though that in itself is groundbreaking. The vision extends to 

molecular diagnostics within the GI environment. Given that the tract is flush with body 

fluids and gases rich in biomarkers, it presents an unparalleled opportunity for in-depth health 

analysis. 

As we move forward, both wearable and ingestible biosensors stand as pivotal tools in 

revolutionizing health diagnostics. They promise early detection, precise diagnosis, and a 

chance for interventions tailored to individual needs. In the forthcoming sections, we will 

delve deeper into the intricate mechanisms of in situ electrochemical biofluid sensing, 

discussing its implications for precision medicine, and unpacking the associated challenges 

and research objectives. 

1.2 Electrochemical Biofluid Sensing for Precision Medicine 

The human body is a rich reservoir of biofluids, each teeming with a wealth of molecular 

information. From blood and urine to sweat and tears, these fluids are more than mere 

byproducts of physiological processes; they are invaluable data sources, offering profound 

insights into an individualôs health. Over the years, as our understanding of these biofluids 

has deepened, so has the realization of their potential as diagnostic tools. 

At the crux of this diagnostic revolution is electrochemical sensing. This technique involves 

detecting changes in an electric current or voltage in response to chemical reactions. When 

applied to biofluid analysis, electrochemical sensors offer the possibility of real-time, 

continuous monitoring of various biochemical markers. The beauty of this approach lies in 

its ability to non-invasively assess a plethora of indicators, from glucose and lactate levels to 

hormone imbalances and trace metabolites. 

One remarkable advantage of electrochemical sensing is its adaptability. The sensors can be 

fine-tuned to detect specific analytes, allowing for a broad spectrum of applications. They 



 

 

21 

can be incorporated into wearable devices to continuously monitor sweat or even crafted 

into ingestible tools for a deep dive into GI biochemistry. 

The real allure of electrochemical biofluid sensing, however, is not just in its diagnostic 

capabilities but also in its potential to usher in an era of precision medicine. In an age where 

technology often outpaces its practical application, this technique offers tangible hope. As 

these sensors continue to refine their detection accuracy, they will generate vast datasets. 

When these datasets are combined with advanced analytics and machine learning, it becomes 

possible to predict disease onset, tailor medical interventions to individual biochemical 

profiles, and even preemptively address potential health issues. 

Of course, like any evolving technology, electrochemical biofluid sensing is not without its 

challenges. There are hurdles related to ensuring consistent biofluid sampling, developing 

reliable sensors apt for detecting a wide array of biomarkers of interest, and engineering 

compact electronic systems for signal processing and data communication that can be 

sustainably powered. Yet, as research progresses, solutions to these challenges are emerging, 

propelling us towards a future where personal health monitoring and interventions are not 

just possible but are tailored to the unique biochemistry of each individual. 

1.3 Challenges and Objectives 

Wearable sweat sensors have emerged as a potent solution in the realm of continuous health 

monitoring. Advances in sensor technologies, materials sciences, and electronics lead to the 

advent of the first fully integrated multiplexed wearable sweat sensor in 2016, and since then, 

numerous wearable sweat sensing systems have been developed.1 These devices typically 

utilize integrated electrochemical sensor arrays, converting sweat analyte concentrations into 

discernible electrical signals. With the aid of intricate electronic circuitry, they can adeptly 

process and transmit pivotal health data in real-time. However, their path to universal 

adoption is laden with challenges.  
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The continuity and reliability of sweat sensor data are fundamental for achieving 

continuous health monitoring. Effective sweat sampling is the first step toward achieving 

continuous and accurate biomarker analysis. Early sweat sampling methods for analyzing 

biomarkers in sweat were often confounded by discrepancies due to skin contamination, 

sweat evaporation, sweat stimulation methods, and sweat rate effects. In addition, sweat 

stimulation was primarily achieved physically through exercise or thermal stress, leading to 

large variations in sweat rate and limiting sweat collection to very specific scenarios. 

Chemical sweat stimulation methods, as well as efficient sweat collection materials and 

microfluidic designs can minimize fouling of sweat samples and extend the use of sweat 

sensors to sedentary and everyday scenarios. Ultimately, highly precise, specific, and stable 

sweat sensors for detecting a wide range of biomarkers need to be developed or improved 

upon. These sensors should also be supported by calibration sensors that simultaneously 

analyze variables that can potentially influence sensor readings or sweat content, such as skin 

temperature, sweat electrolyte balance, and sweat rate. On the power front, the dual demands 

of data transmission and complex electrochemical instrumentation contribute to substantial 

energy consumption that often require rigid and bulky lithium batteries. Lastly, the extensive 

continuous data gathered by sweat sensors can be processed using big-data and cloud 

computing techniques. This analysis provides a deeper understanding of biomarker levels, 

ultimately leading to personalized healthcare solutions (Fig 1-2). 
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Figure 1-2. Challenges in wearable sweat sensors for personalized healthcare. 

In parallel, ingestible devices designed for intestinal fluid analysis have shown promising 

potential. Their primary objective is the molecular examination of intestinal fluids within the 

GI tractða region rich in diverse biochemical markers. However, their deployment is fraught 

with challenges. First is the issue of miniaturized system design: how to encapsulate intricate 

technological components within the confined space of a digestible capsule. This includes 

not just the primary sensor, but also power sources, transmission systems, and data storage 

solutions. The unique environment of the GI tract brings forth the need for novel biosensor 

design. Traditional sensors may not suffice due to the distinct conditions within the tract. 

Consequently, the development of specialized sensors that maintain high sensitivity and 

specificity in this environment is essential. Protection of these biosensors is another 

significant concern. The GI tract, by nature, has varying pH levels, enzymes, and other 

substances that can adversely affect sensor materials and electronics. Ensuring longevity and 

effectiveness in such a milieu necessitates innovative protection strategies for these 

biosensors, shielding them from potential degradation or interference.  
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Combining the advancements of wearable and ingestible sensor technologies, the future 

of personalized, continuous health monitoring is on the horizon. Yet, as these domains 

expand, the scientific community must concurrently address inherent challenges to realize 

the full potential of these revolutionary tools. The subsequent sections delve into the origins 

of these challenges and detail the development of innovative prototype wearable and 

ingestible devices to surmount these barriers. Chapter 2 offers an in-depth exploration of the 

physiology of sweat glands. It meticulously dissects the composition of sweat and delves into 

the mechanisms underlying sweat extractionðwhether it is evoked through natural exercise 

or facilitated via iontophoretic stimulation. Chapter 3 shifts focus to the cutting-edge domain 

of sensor technology. Here, we chart the development of innovative sensors, meticulously 

tailored for the detection of clinically relevant biomarkers in sweat. This signifies a 

monumental stride towards the realm of predictive health analytics. Chapter 4 illuminates 

the paramount importance of system integration. The narrative emphasizes the impending 

necessity for the advent of miniaturized, wireless sensor devices. Powering these devices 

sustainably through energy harvesters is not just a technical ambition but a cornerstone for 

the next generation of wearables. Such devices are envisioned to redefine the wearable 

landscape, minimizing user discomfort while optimizing reliability. Finally, Chapter 5 takes 

the technologies and principles elaborated in the previous chapters and recontextualizes them 

for the universe of ingestible devices. The focus here is on the adaptation of these 

technologies for electrochemical sensing in different environments, with a primary emphasis 

on GI fluid. 
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C h a p t e r  2  

SWEAT SECRETION DYNAMICS AND CONTINUOUS SWEAT 

EXTRACTION 

Materials from this chapter appear in ñMin, J.; Tu, J.; Xu, C.; Lukas, H.; Shin, S.; Yang, Y.; 

Solomon, S. A.; Mukasa, D.; Gao, W. Skin-Interfaced Wearable Sweat Sensors for Precision 

Medicine. Chemical Reviews 2023, 123 (8), 5049ï5138. 

https://doi.org/10.1021/acs.chemrev.2c00823.ò, ñWang, M.; Yang, Y.; Min, J.; Song, Y.; Tu, 

J.; Mukasa, D.; Ye, C.; Xu, C.; Heflin, N.; McCune, J. S.; Hsiai, T. K.; Li, Z.; Gao, W. A 

Wearable Electrochemical Biosensor for the Monitoring of Metabolites and Nutrients. 

Nature Biomedical Engineering 2022. https://doi.org/10.1038/s41551-022-00916-z.ò, and " 

Min, J.; Demchyshyn, S.; Sempionatto, J. R.; Song, Y.; Hailegnaw, B.; Xu, C.; Yang, Y.; 

Solomon, S.; Putz, C.; Lehner, L. E.; Schwarz, J. F.; Schwarzinger, C.; Scharber, M. C.; 

Shirzaei Sani, E.; Kaltenbrunner, M.; Gao, W. An Autonomous Wearable Biosensor 

Powered by a Perovskite Solar Cell. Nature Electronics 2023, 6 (8), 630ï641. 

https://doi.org/10.1038/s41928-023-00996-y." 
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Sweat is produced from glands located deep within the skin, the bodyôs largest organ by 

surface area. The skin has a stratified structure including the stratum corneum, epidermis, 

dermis, and hypodermis. The dermis is the major component of the skin containing blood 

vessels, nerve endings, and the base of sweat glands, sebaceous glands, and hair follicles 

(Fig. 2-1). The average eccrine sweat gland density is 200/cm2, but this varies between 

individuals and across the body with the highest density among the palms and soles 

(~400/cm2).2,3 The total number of eccrine sweat glands is on the order of 1.6ï5 million.2 

 

Figure 2-1. Structure of the skin, including apocrine and eccrine sweat glands. 

Sweat plays a very important role in maintaining the bodyôs core temperature, providing a 

means of thermoregulation. Should body core temperatures rise above 40 ↔C without 

modulation, there is a risk of protein denaturation, cell death, and subsequent organ failure.2 

Beyond thermal regulation, sweat also participates in skin homeostasis. Moisturizing factors 

in sweat, such as lactate and urea, maintain the plasticity and barrier integrity of the stratum 

corneum. Secretion of antimicrobial compounds such as dermcidin, lactoferrin, lysozymes, 

and immunoglobulin E (IgE) antibodies contributes to the skinôs first line of defense against 

infection.4 The loss of sweat glands after severe damage as in the case of burn victims 
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presents new challenges in regenerative wound healing and demands further research into 

sweat gland physiology. 

Eccrine sweat glands secrete a highly filtered, aqueous fluid composed of electrolytes, 

metabolites, and additional molecules. Apocrine sweat glands secrete a viscous fluid 

containing lipids, proteins, steroids, and ions, by exocytosis in the apocrine gland coil.5 

Volatile organic compounds from apocrine secretions act as pheromones.2 Apocrine and 

eccrine sweat glands are differentially stimulated. The apocrine sweat gland responds 

strongly to emotional stimuli and sympathomimetic drugs via adrenergic innervation, but 

does not respond to cholinergic or thermal stimulation like the eccrine sweat gland.4,6 The 

apoeccrine sweat gland shares properties of both eccrine and apocrine glands; it may develop 

during puberty in the axillae region from existing eccrine sweat glands. The gland retains an 

eccrine-like sweat duct but has an apocrine-like secretory tubule. Apoeccrine sweat 

ultimately resembles aqueous eccrine sweat and arises from an intermediate type of 

stimulation.7 

In this section, the physiology of eccrine sweat is elucidated, tracing its journey from 

stimulated innervation to eventual secretion. The development and structure of sweat glands 

are detailed, emphasizing their integral role in thermoregulation and metabolic waste 

removal. This section further delves into methods of sweat induction, whether through 

natural stimuli like exercise or through controlled processes such as iontophoretic 

stimulation. Concluding the section, advances in sweat extraction are explored, highlighting 

the potential of microfluidic systems in revolutionizing sweat collection and analysis. 

2.1 Sweat Gland Structure 

The eccrine sweat tubule is a conduit for sweat and electrolyte exchange 4ï8 mm in length. 

At the base, the secretory coil is 500ï700 ɛm in size with a lumen inner diameter of 30ï40 

ɛm and a coil outer diameter of 60ï120 ɛm.2 The secretory coil is interwoven with capillaries 

for vascular exchange and sudomotor nerve fibers for autonomic modulation.3,8 The 

secretory tubule straightens into the dermal duct with an inner diameter of 10ï20 ɛm and 
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outer diameter of 50ï80 ɛm composed of two to three layers of epithelial cells.2 The sweat 

duct is straight from the dermis to the epidermis, and then transitions to a helical structure in 

the epidermis that terminates in the stratum corneum. The number of turns of the helical duct 

varies from 4ï6 and varies proportionally to the stratum corneum thickness, yet the pitch 

angle remains constant across sweat glands.9 The helical structure makes the sweat duct act 

as a helical antenna resulting in resonance behavior. Sweat duct dimensions, density, 

distribution, and the dielectric properties of the stratum corneum all determine the resonant 

frequency and subsequent skin-THz wave interactions. The duct length varies from 150ï600 

ɛm and varies proportionally to the stratum corneum thickness.9 The sweat duct widens into 

the acrosyringium, a pore on the outer surface. The acrosyringium is composed of epithelial 

cells with no clear distinction or border to the epidermis. The lumen has a diameter of 20ï60 

ɛm and may also contain cornified cells.2 

Humans are born with almost all their sweat glands, with gland development occurring 

mostly during the first two trimesters. This is one explanation for higher observed duct 

densities in children than adults.9 The sweat gland develops from a group of multipotent 

K14+ progenitors, descendants of epidermal stem cells. It grows downward as a straight duct, 

stratifying in the lower half to proliferative K14low/K18+ suprabasal progenitors. The 

K14low/K18+ suprabasal progenitors develop into luminal cells, while the remaining K14+ 

progenitors give way to myoepithelial cells.10 Although sweat glands have limited turnover 

and proliferation capabilities, there is some promise of regeneration. Stem cells associated 

with secretory luminal and myoepithelial cells were found to promote epidermis and sweat 

gland regeneration when amplified and seeded in the wound bed.11 Additionally, the use of 

three-dimensional (3D) bioprinting matrices has been studied for sweat gland morphogenesis 

with tissue-level self-organization.12 

The secretory coil and duct define the two major steps of sweat generation: isotonic secretion 

and salt reabsorption (Fig. 2-2). Ductal cells facilitate transcellular reabsorption with 

mitochondria-rich basal cells contributing to uptake. The secretory coil is made up of basal 

myoepithelial cells and luminal clear and dark cells, named for their appearance in eosin, 
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toluidine blue, and methylene blue stains.2 Myoepithelial cells strengthen the structure of 

the secretory coil and create a microenvironment for gland stem cell differentiation.13 Clear 

cells contain many mitochondria suggesting that they facilitate most of the active sweat 

secretion and osmotic flow.2 Dark cells are granular, containing many vesicles. Dark cells 

are more involved in the secretion of proteins, including periodic acid-Schiff (PAS)-positive 

diastase-resistant glycoproteins, dermicidin, and sialomucin.13 The interdependent 

relationship between clear and dark cells requires further investigation. 

 

Figure 2-2. The secretory coil and sweat duct of the eccrine sweat gland. Isotonic 

secretion and reabsorption occur, respectively, at the secretory coil and sweat duct to produce 

a hypotonic aqueous fluid. 

Sweat secretion is stimulated by adrenergic and cholinergic innervation (Fig. 2-3). The 

sudomotor response involves several adenosine triphosphate (ATP)-dependent steps, and is 

suppressed by ouabain and metabolic inhibitors.3 When the secretory cell is stimulated, a 

signaling cascade occurs involving Ca2+ or cyclic adenosine monophosphate (cAMP) as 

second messengers to trigger the efflux of Cl- into the lumen of the secretory coil. Na+ is 

pumped out at the basolateral membrane and diffuses down its electrochemical gradient into 

the lumen. The buildup of electrolytes in the lumen renders it hypertonic with respect to the 

cytosol; this osmotic gradient drives the primary sweat solution out of the cell and into the 

secretory lumen. Advective mass transport drives fluid up the eccrine sweat duct. Along the 

sweat duct, luminal cells reabsorb ions to produce a hypotonic sweat solution. 
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Figure 2-3. Sweat stimulation pathways. Sweat is stimulated primarily through ɓ-

adrenergic and muscarinic innervation. ɓ-adrenergic and muscarinic signaling pathways use 

cAMP and Ca2+ as second messengers, respectively, to activate chloride channels. 

Activation of nicotinic receptors may amplify the sweating response beyond the localized 

region via the sudomotor axon reflex. 

2.2 Sweat Secretion Mechanisms 

Thermoregulatory sweating is an autonomic response to signals from thermoreceptors in the 

preoptic-anterior hypothalamus area. Upon an increase in core temperature, thermoreceptors 

send through efferent pathways to postganglionic sympathetic neurons in the dermis.3 

Cholinergic nerve fibers around the secretory coil release acetylcholine, thus activating 

muscarinic receptors on the membrane of the eccrine secretory cell. Activation of muscarinic 

G-protein-coupled receptors (GPCRs) increases intracellular inositol trisphosphate (IP3). IP3 

binds to receptors on the endoplasmic reticulum (ER) membrane to release Ca2+ into the 

cytosol.14 Stromal interaction molecule protein, stromal interaction molecule 1 (STIM1), 

monitors the ER Ca2+ levels, and when Ca2+ stores are depleted STIM1 induces store-

operated Ca2+ entry by binding to and activating Orai, a Ca2+ channel on the plasma 
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membrane.14 This influx of Ca2+ mediates the exchange of electrolytes resulting in sweat 

secretion. 

Sweating is also adrenergically stimulated under the ñfight or flightò response. The physical 

reaction to stress, anxiety, fear, and pain occurs mostly in the palms, soles, and axillary region 

and may have the selective advantage of increasing palmoplantar friction for fleeing.2 

ñEmotionalò sweating is controlled by the limbic system and efferent signals are sent to 

adrenergic nerve fibers in the sweat secretory coil. Release of epinephrine and 

norepinephrine in signaling stimulates Ŭ- and ɓ-adrenoreceptors in sweat secretory cells. A 

synthetic sympathomimetic drug, isoproterenol, selectively stimulates ɓ-adrenoreceptors and 

has been used to further differentiate the two pathways. ɓ-adrenergic stimulation is the 

dominant pathway in emotional sweating. The magnitude of stimulated sweat secretion 

(measured by secretory rate) is 4:2:1 for cholinergic, ɓ-adrenergic, and Ŭ-adrenergic 

pathways, respectively.15 Ŭ-adrenergic stimulation results in Ca2+ influx similar to 

cholinergic pathways. ɓ-adrenergic GPCRs activate adenylyl cyclase and increase the 

intracellular concentration of cAMP. cAMP activates protein kinase A (PKA), which in turn 

mediates Cl- secretion by opening the cystic fibrosis transmembrane conductance regulator 

(CFTR).16,17 In the case of cystic fibrosis, CFTR is defective or absent, resulting in blocked 

CFTR Cl- secretion during ɓ-adrenergic stimulation and inhibited Cl- reabsorption. A 

ñratiometricò sweat rate test comparing adrenergic and cholinergic sweat rates may be used 

to assess CFTR functional activity.18 

Sweat may be generated at the periphery of a stimulated region via the sudomotor axon reflex 

(Fig. 2-3). Nicotinic agonists interact with receptors on postganglionic sudomotor terminals 

at the base of the sweat gland, causing antidromic axonal conduction towards a branch point 

followed by orthograde conduction down the branching fibers. Acetylcholine is then released 

at the nerve terminals and binds to muscarinic receptors on the eccrine sweat gland, resulting 

in sweat secretion similar to the direct iontophoretic response.3,19 The spatial extension of 

this sweating could be millimeters beyond the periphery of the stimulation region.20 The 

sudomotor axon reflex may be used to assess autonomic nervous system disorders, such as 



 

 

32 

diabetic neuropathy.3,21 The sudomotor axon reflex may also be used to separate drug-

induced sweat stimulation and sweat sampling regions to prevent cross-contamination.19 The 

sudomotor axon response has a longer latency than the direct cholinergic response by about 

5 s, which accounts for axonal conduction and neuroglandular transmission. The sudomotor 

axon response and direct response produce similar sweat volumes in the presence of nicotinic 

agonists. In contrast to the direct stimulated sweat response, which continues over an hour 

after cessation of the stimulus, the sudomotor axon response returns to baseline 3ï5 minutes 

after stimulus cessation.22 

The sweat rate is modulated in part by non-uniform, localized activation. Under mental 

stress, sweat production of adjacent sweat glands varied strongly.23 The cumulative sweating 

response controlled by the sympathetic nerve is discretized into active and inactive sweat 

glands.23 The sweat rate in healthy individuals ranges from 0.2ï1 ɛL/cm2/min.24,25 At an 

average sweat gland density of 200/cm2, this equals 1ï5 nL/gland/min. Sweat rate is affected 

by local skin temperature.2 Sweat stimulated pharmacologically may also further increase 

the sweat rate to approximately 10 nL/gland/min.26 Sweat rate decay and cessation occur in 

part due to the subcutaneous elimination of the sweat stimulant (e.g., 

acetylcholinesterase).3,27 Interindividual variations in sweat rate are likely due to differences 

in the function and responsiveness of the sweat gland.28 Many factors may influence the 

sweat response including gender, physical fitness, menstrual cycle, and circadian rhythm.2 

Intraindividual regional variations in observed sweat rate may be associated with variations 

in sweat gland density and distribution.9,28 For example, the forehead has a high density of 

sweat glands and has the highest tested sweat rate region during both active and passive 

thermal sweating.28,29 

2.3 Sweat Induction Methods 

2.3.1 Thermally-Induced, Exercise-Induced, and Natural Sweat 

Sweat can be induced in various manners, such as thermal stimulation, exercise, natural 

secretion, and iontophoresis. For thermal stimulation, subjects are placed in a heating 

environment (e.g., sauna bathing) to induce a thermal sweating session at a skin temperature 
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of 40-41 °C, with a full-body sweat production of 0.6-1 kg/h.30ï32 Exercise-induced sweat 

is prevalent in many studies; however, the sweat rate could fluctuate with respect to different 

exercises and exercise intensities. Some common exercises include treadmill running and 

stationary biking, in which the exercise intensity could be controlled and recorded. As 

thermal and exercise induction could impose constraints on subjectsô physical conditions and 

testing environment, there is an increasing trend in using naturally occurring sweat for 

downstream sensing.33ï38 The naturally secreted sweat, also called ñbackground sweat,ò 

occurs during regular routines and entails relatively low sweat rates around 10 times lower 

than exercise sweat rate.36 

2.3.2 Iontophoresis-Induced Sweat 

Iontophoresis is a procedure where a small current delivers a cholinergic drug loaded in 

hydrogel into the skin. Two pieces of hydrogels are attached to the skin; the anode hydrogel 

contains a cholinergic agent while the cathode hydrogel contains electrolytes to facilitate 

current flow (Fig. 2-4). As the cholinergic agent stimulates the muscarinic 3 (M3) receptors 

on sweat glands, a direct sweat response is elicited. Depending on nicotinic receptor 

specificity, the iontophoretic drug may induce peripheral sudomotor axon reflex sweating.19  

 

Figure 2-4. Iontophoresis-based sweat induction. AXR: Axon-reflex mediated sweating. 

DIR: direct stimulated sweating  

Different cholinergic agonists could be used to induce sweating and the sweating response 

varies in duration and area, determined by the receptor activity and susceptibility to 

acetylcholinesterase (AChE) hydrolysis. Acetylcholine and methacholine are hydrolyzed by 
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AChE and thus have a shorter sweating duration. On the other hand, the nicotinic activity 

of the cholinergic agents affects the indirect axon-reflex sweating and thus the area of the 

sweat response. For example, the ɓ-methyl group of bethanechol limited the nicotinic activity 

and thus the sweating response is highly localized and mostly direct sweating underneath the 

placement of the iontophoresis gel. Detailed studies and summaries of the receptor activities 

and sweating response can be found in previous literature.22,26,39,40 

2.3.3 Sweat Composition by Different Induction Methods 

The composition of sweat may vary across sweat induction methods. Firstly, the pH of sweat 

tends to be higher in iontophoresis-induced sweat compared to thermogenic sweat.41 High 

sweat rates and low ductal HCO3
- reabsorption may contribute to this higher pH. Ca2+ and 

Mg2+ levels were observed to be higher in sweat obtained from the sauna than in sweat 

obtained from exercise.42 Recent metabolomic studies also revealed variations in lipid 

profiles43 and metabolites34 among iontophoresis-induced, exercise-induced, and natural 

sweat, including notable variations in L-alanine, pyruvate, L-aspartate, BCAAs, asparagine, 

lysine, and  fumarate concentrations.34 The stability of metabolites in sweat also plays a 

critical role in the quantitation process; sweat metabolite stability was shown to last for 90 

min at simulated body temperature.44 For natural sweat at a much slower sweat rate, it is 

suggested that quantitation results may be compromised due to metabolic quenching of 

enzymatic reactions and metabolite stability, an issue especially relevant for untargeted 

metabolomics analysis.45 For targeted metabolomics analysis, such as drug tests, controlled 

stability studies should be done to achieve repeatable quantitation within the applicable 

detection range.46 Moreover, tissue-dependent factors (e.g., keratin amount and thickness of 

stratum corneum) affect the iontophoresis response between individuals and at different body 

locations, potentially also impacting the sweat composition.45 

2.4 Sweat Extraction Methods 

Over the past decade, various iontophoresis devices have been developed for wearable sweat 

induction. The commercially available Macroduct system is Food and Drug Administration 

(FDA)-approved for iontophoresis-based sweat induction for cystic fibrosis diagnosis and 
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uses pilocarpine as the cholinergic agonist. After initial current ramping, a constant current 

is administered to pilocarpine gel discs strapped onto the arm. The device automatically 

ramps down the current and shuts down after 5 min. Although the device provides 

customizable options with the straps for stimulation at different locations on extremities and 

across different age groups (babies to adults), the system remains bulky and unsuitable for 

regular wear. Similar systems could be achieved for initial prototype testing with an 

iontophoresis device and custom lab-made hydrogels loaded with selected cholinergic 

agonists.37 

Upon sweat induction, proper sweat collection is required such that low volumes of sweat 

produced are efficiently harvested for analysis47. Historically, sweat was sampled without a 

transporting mechanism (i.e., microfluidic system). Several materials have been used for 

sweat collection with no microfluidic system, which can wick (e.g., rayon1,48ï51, paper52, 

textile53, absorbent pad or sponge54ï57, hydrogel37,38,58ï60) or capture (e.g., glove36, 

sweatband61) the sweat directly on the sensing system.  

Although direct sweat sampling using absorbent materials is simple and easy to implement, 

there are limitations to be resolved.62 Direct sweat sampling limits the capability of biosensor 

due to mixing and carry-over between new sweat and old sweat, resulting in contaminating 

sweat samples. For instance, with the bulk rayon material (e.g., regenerated cellulose), it is 

hard to rapidly capture a change in the analyte concentration.63ï65 Without a system for 

continuous sweat flow to refresh sensing sample and control of sample evaporation and 

volume, the biosensor may yield less reliable continuous reading and should serve as single-

use only device. Microfluidics enables a continuous sweat flow through microfluidic 

channels and encapsulated sensing chambers or reservoirs and therefore resolves the 

limits.62,66 With the use of microfluidics, microliter sampling volumes can be collected at the 

sensor surface to generate the same quality of response compared to bulk solution 

analysis.66,67  
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2.4.1 Laser-Engraved Iontophoresis Patch for On-demand Sweat Induction 

In our lab, we developed a flexible laser-engraved iontophoresis patch with a much smaller 

form factor was developed with small hydrogels containing muscarinic agent carbachol cast 

onto laser-engraved graphene electrodes, and on-demand sweat induction was achieved by 

utilized a flexible printed circuit board (FPCB) (Fig. 2-5a).67 Carbachol was selected from 

various muscarinic agents as it allows the most efficient, repeatable, and long-lasting sweat 

secretion from the surrounding sweat gland thanks to its additional nicotinic effects68 (Fig. 

2-5b-d). In contrast, the classic sweat inducing agent ï pilocarpine ï used by the standard 

sweat test and previously reported wearable systems69ï71 offers only a short period of sweat 

and very limited sweat rate from the neighboring sweat glands (Fig. 2-5b-d). Furthermore, 

sampling the mixture of the leaked sweat underneath the pilocarpine gel and the gel fluid 

could result in substantial wearable sensor errors and fail to provide real-time information 

due to the absence of efficient sweat refreshing. A very small current (50ï100 µA) is used 

for our iontophoresis module, as compared to commonly used 1ï1.5 mA69ï71, greatly 

reducing the risks of skin irritation. To maximize the efficiency of low-volume sweat 

sampling and improve the temporal resolution of wearable sensing, a compact and flexible 

microfluidic module was carefully designed to isolate sweat sampling areas from 

iontophoresis gels. With the optimized design for sweat induction and sampling, sweat can 

be conveniently induced locally and readily sampled with the multi-inlet microfluidics over 

a prolonged period (Fig. 2-5c,e).  
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Figure 2-5. Flexible laser-engraved iontophoresis patch for on demand sweat 

extraction. a, Illustration of a multi-functional wearable sensor patch. b, Schematic of 

localized sweat sampling based on iontophoretic sweat extraction with muscarinic agents: 

pilocarpine and carbachol. c,d, Localized sweat rates measured from the stimulated (c) and 

surrounding (d) skin areas after a 5-min iontophoresis with pilocarpine and carbachol. Solid 

and dashed curves represent quadratic-fit trendlines. S, subject. e, On-body evaluation of the 

optimized flexible microfluidic patch for efficient carbachol-based iontophoretic sweat 

induction and surrounding sampling at rest. Timestamps represent the period (min) after a 5-

min iontophoresis session. Black dye was used in the reservoir to facilitate the direct 

visualization of sweat flow in the microfluidics. Scale bar, 3 mm. 

Fabrication and characterization of microfluidic channels. The microfluidic module was 

fabricated using a 50 W CO2 laser cutter (Universal Laser System). Briefly, layers of double-

sided and single-sided medical adhesives (3M) were patterned with channels, inlets, the 

iontophoresis gel outlines and reservoirs. For all microfluidic layers, the iontophoresis gel 

outlines were patterned to enable the current flow from the top polyimide electrode layer. 

The bottom layer, which is the double-sided adhesive layer in contact with the skin 

(accumulation layer), was patterned with a sweat accumulation well (3M 468MP, laser 

parameter: power 60%, speed 90%, PPI 1000). The second layer (the inlets layer), in contact 

with the accumulation layer, was patterned with the multiple inlets (12 ɛm thick Polyethylene 

terephthalate (PET), laser parameter: power 20%, speed 100%, PPI 1000). The third layer 

(channel layer), in contact with the inlets layer, was patterned with microfluidic channels 

(Adhesives Research 93049, laser parameter: power 45%, speed 100%, PPI 1000).  The 

fourth layer (reservoir layer), sandwiched between the channel layer and the electrode 

polyimide layer, was patterned with the reservoir and the outlet (3M 468MP, laser parameter: 

power 60%, speed 90%, PPI 1000). The reservoir is an ellipse with a 5.442 mm major axis 

and a 4.253 mm minor axis to fully enclose the active sensing area. The thickness of the 

channel layer is ~0.1 mm (Adhesives Research 93049) and the thickness of the reservoir 

layer is 0.13 mm (3M 468MP). The reservoir area is 18.17 mm2, and thus the reservoir 
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volume can be calculated as the area multiplied by the thickness of the reservoir layer (0.13 

mm) which totals 2.36 µL.  

Fabrication of agonist agent hydrogels. Hydrogels containing muscarinic agent carbachol 

was prepared as follows: Briefly, for anode gel, agarose (3% w/w) was added into deionized 

water and then heated to 250 °C under constant stirring. After the mixture was fully boiled 

and became homogenous without agarose grains, the mixture was cooled down to 165 °C 

and 1% carbachol was added to the above mixture. Subsequently, the cooled mixture was 

slowly poured into pre-made cylindrical molds or into assembled microfluidic patch and 

solidified for 10 min at 4 °C. The cathode gel was prepared similarly except that NaCl (1% 

w/w) was used instead of carbachol. 

2.4.2 Iontophoresis Patch for Continuous Sweat Induction and Sweat Rate Monitoring 

In developing a state-of-the-art sweat analysis system, the variabilities of iontophoresis-

induced sweat rates and their durations, which are inherently dependent on individual 

physiological differences, were meticulously considered. Recognizing sweat as a significant 

biomarker, intrinsically linked to the secretion of various other essential biomarkers, a critical 

aspect of the analytical process involves determining whether the sensor reservoir is 

continuously refreshed, indicative of ongoing sweat production. To address this, a 

specialized microfluidic sweat processing module was devised, incorporating a sophisticated 

application of carbachol-based iontophoresis, enhancing the efficiency of sweat induction. 

This was seamlessly paired with a dedicated sweat rate sensor, allowing for a robust and 

comprehensive analysis. Such an integration facilitated a nuanced monitoring process where, 

following a singular sweat induction event, the system could adeptly extract and monitor 

sweat rates for an extended period, ensuring over three hours of consistent and insightful data 

acquisition (Fig. 2-6). Notably, this iontophoretic sweat processing system is powered fully 

by a perovskite solar cell and will be discussed in more detail in Chapter 6. 
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Figure 2-6. On-body evaluation of the wearable deviceôs light-powered iontophoresis 

and sweat processing system at rest. a,b, Time-lapsed photos in minutes after 10 minutes 

of iontophoresis under bright laboratory light for two subjects. Blue dye was placed on the 

sweat accumulation layer to visualize the sweat filling the biosensor and sweat rate sensor 

reservoirs at rest. Scale bars, 3 mm. 

Design considerations and optimization of microfluidic sweat processing system. The design 

goal for the microfluidic sweat processing system was to develop a system that can induce 

and extract the sweat for prolonged durations above a minimal threshold flow rate while 

consuming minimal amounts of power. Trade-offs between power consumption for 

iontophoresis and the size of the carbagels, geometric location and orientation of the gels 

with respect to the sweat accumulation reservoir, and distance between the gels and sweat 

accumulation reservoir were considered. The power consumption of the iontophoresis circuit 

is positively correlated to the total current applied and the compliance voltage of the constant 

current source. As iontophoretic current density is positively correlated with regional sweat 

rate, power consumption could be minimized by minimizing the area of the carbagel. On the 

other hand, while carbachol can stimulate neighboring sweat glands, if the carbagel is too 

small, the sweat gland density around the gel can be low, generating low sweat volume. The 
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next factor considered was the orientation of the gels with respect to the sweat 

accumulation reservoir. We found that locating the sweat accumulation reservoir between 

the anode and cathode can maximize extraction efficiency as the majority of the drug is 

delivered across the anode and cathode. Another factor considered was the distance between 

the gels. If the anode and cathode are too close, the drug delivery area may be too small and 

it is possible that not enough sweat glands are activated. However, increasing the inter-gel 

distance above a certain extent does not increase sweat gland activation and only increases 

the impedance between the two carbagels, which necessitates a higher compliance voltage 

and power consumption for the iontophoresis circuit. Regarding the distance between the 

carbagels and the sweat accumulation reservoir, sweat extraction improved when the sweat 

accumulation reservoir was closer to the anodic carbagel (where the drug is loaded). 

However, if the distance between the gel and accumulation reservoir was closer than 1 mm, 

the adhesive would have difficulty maintaining the sweat within the sweat accumulation 

reservoir and sweat would leak at times. With all these considerations in mind, our final 

carbagel area was 15 mm2 per electrode, distance between the carbagels was 4 mm, and the 

distance between the carbagel and the sweat accumulation reservoir was 1.2 mm. A current 

of 55 ɛA was delivered for iontophoretic stimulation as lower currents did not result in 

sufficient sweat output, and higher currents lead to an increased power consumption and did 

not necessarily result in a longer stimulation duration. 

The final microfluidic sweat processing system consists of three main layers, the sweat 

accumulation layer, the channel layer, and the reservoir layer. All layers of the microfluidic 

system contain two large cutouts for holding the carbagels. In addition to these cutouts, the 

accumulation layer (0.13 mm) contains a well (same dimensions as the sensor reservoir) for 

sweat accumulation; the channel layer (0.64 mm) contains a sweat rate channel (36 ɛL or 95 

ɛL capacity) for processing high volumes of sweat and a counter electrode-shaped inlet to 

transport the accumulated sweat into the sensor reservoir; and the reservoir layer (0.13 mm) 

contains a compact sensor reservoir (1.1 ɛL capacity) to enable rapid refreshing of sweat and 

a microfluidic channel to flush out the sweat through the sweat rate channel. 
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C h a p t e r  3  

NOVEL ELECTROCHEMICAL APPROACHES FOR SWEAT SENSING 

Materials from this chapter appear in ñMin, J.; Tu, J.; Xu, C.; Lukas, H.; Shin, S.; Yang, Y.; 

Solomon, S. A.; Mukasa, D.; Gao, W. Skin-Interfaced Wearable Sweat Sensors for Precision 

Medicine. Chemical Reviews 2023, 123 (8), 5049ï5138. 

https://doi.org/10.1021/acs.chemrev.2c00823.ò, ñWang, M.; Yang, Y.; Min, J.; Song, Y.; Tu, 

J.; Mukasa, D.; Ye, C.; Xu, C.; Heflin, N.; McCune, J. S.; Hsiai, T. K.; Li, Z.; Gao, W. A 

Wearable Electrochemical Biosensor for the Monitoring of Metabolites and Nutrients. 

Nature Biomedical Engineering 2022. https://doi.org/10.1038/s41551-022-00916-z.ò, " Tu, 

J.; Min, J.; Song, Y.; Xu, C.; Li, J.; Moore, J.; Hanson, J.; Hu, E.; Parimon, T.; Wang, T.-Y.; 

Davoodi, E.; Chou, T.-F.; Chen, P.; Hsu, J. J.; Rossiter, H. B.; Gao, W. A Wireless Patch for 

the Monitoring of C-Reactive Protein in Sweat. Nature Biomedical Engineering 2023, 7 (10), 

1293ï1306. https://doi.org/10.1038/s41551-023-01059-5.", and " Ye, C.; Wang, M.; Min, J.; 

Tay, R. Y.; Lukas, H.; Sempionatto, J. R.; Li, J.; Xu, C.; Gao, W. A Wearable Aptamer 

Nanobiosensor for Non-Invasive Female Hormone Monitoring. Nature Nanotechnology 

2023. https://doi.org/10.1038/s41565-023-01513-0." 
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Sweat is an information-rich biofluid containing many molecules that can serve as 

biomarkers. Sweat is composed of various electrolytes, metabolites, hormones, proteins, and 

peptides (Table 1). Sweat samples may be analyzed using metrics such as biomarker 

concentrations, biomarker flux, sweat rate, sweat pH, and ionic strength to provide important 

information as they correlate to health. In some cases, biomarker flux may represent a better 

metric of analysis since it accounts for the dynamic water flux, which may affect 

concentration measurements. Biomarker flux may be calculated using the product of sweat 

rate and biomarker concentration.72 Recent reports have shown promising correlations 

between the levels of a number of sweat and blood analytes,8 indicating the great potential 

of using sweat as an alternative source for personalized healthcare. Since sweat is readily 

available for noninvasive sampling, sweat is an attractive biofluid for point-of-care (POC), 

at-home, and continuous diagnostics. Moreover, new biomarker discovery for precision 

medicine can be greatly facilitated by the continuous, large sets of data collected through 

non-invasive sweat analysis in daily activities.73 

Table 3-1. Composition of sweat. 

Biomarkers Sweat 

concentration 

(mM) 

Blood 

concentration 

(mM) 

Molecular 

weight (Da) 

References 

Electrolytes Sodium 10ï100 135ï150 23 29,42,74,75 

Chloride 10ï100 97ï107 35 29,56,76 

Potassium 1ï20 3.5ï5 39 29,77,78 

Ammonium 0.5ï8 0.01ï0.4 18 79,80 

Metabolites Lactate 5ï60 0.5ï25 90 29,81ï88 

Glucose 0.01ï0.3 3.3ï17.3 180 89ï91 

Urea 2ï40 1.8ï7.1 60 87,90,92ï94 

Uric acid 0.02ï0.1 0.1ï0.5 168 66,92ï95 

Creatinine 0.01ï0.03 0.065ï0.12  113 92,93,96 

Minerals Calcium 0.2ï2 2.2ï2.7  30 97ï100 

Magnesium 0.02ï0.4 0.7ï0.95  24 97ï100 

Iron 0.0001ï0.03 0.006ï0.027  56 97ï100 

Zinc 0.0001ï0.02 0.01ï0.017  65 97ï100 

Nutrients Amino 

acids 

Tyrosine 0.2ï0.4 0.055ï0.3 181 67,101ï103 

Tryptophan 0.055ï0.08 0.02ï0.091 204 67,101ï103 

BCAAsa 0.2ï1 0.2ï1.2 117ï131 67,101ï103 

Vitamin C 0.01ï50×10-3 2.8ï200×10-3 176 104,105 

Hormones Cortisol 0.1ï20×10-3 0.07ï690×10-3 362 106ï108 

Testosterone 0.8ï1.6×10-6 0.5ï35×10-6 288 109 

Dehydroepiandrosterone 6.9ï455×10-6 0.35ï11.91×10-3 288 109 

Neuropeptide Y 1.9ï6.8×10-10 1.4ï6.1×10-10 4272 110 

Proteins C-reactive protein 4.2ï250×10-9 7ï29×10-6 120,000  

Cytokines Interleukin 6 3.7ï6.9×10-10 2.4ï5.6×10-10 21,000 110,111 



 

 

44 
Interleukin 8 1.8ï7.2×10-10 1.5ï6.5×10-10 8452 111,112 

Substances Ethanol 2.5ï22.5 2ï22.5  46 113 

Acetaminophen <50×10-3 66ï132×10-3 151 114 

Levodopa <2.5×10-3 <5×10-3  197 115 
aBCAAs: branched-chain amino acids 

 

Most wearable sweat sensors currently in use primarily utilize potentiometric ion-selective 

electrodes or amperometric enzyme electrodes. This conventional approach essentially limits 

the detection spectrum to a select few electrolytes (Na+, Cl-, K+, NH4+) and metabolites 

(lactate, glucose, urea, creatinine). Thus, many clinically relevant nutrients and metabolites 

in sweat are rarely explored and undetectable by existing wearable sensing technologies. In 

addition to the aforementioned electrolytes and metabolites, sweat a rich source of various 

other informative biomarkers such as amino acids (tyrosine, tryptophan, BCAAs) and 

proteins & hormones (cytokines, cortisol, CRP, estradiol), which are incredibly insightful for 

broader health analysis. 

Innovation is the key to overcoming these current technological limitations. Thus, we have 

pioneered the development of novel sweat sensors, utilizing alternative electrochemical 

transduction mechanisms, enabling them to detect an expanded array of biomarkers. Our 

advanced sensors incorporate diverse recognition elements coupled with intricate 

electrochemical detection techniques. For instance, we have employed molecularly 

imprinted polymer sensors paired with differential pulse voltammetry for personalized 

nutrition monitoring, graphene-gold nanoparticle modified immunosensors paired with 

square wave voltammetry for systemic inflammation monitoring, and aptamer sensors paired 

with square wave voltammetry for monitoring female hormones. 

In discussing these advancements, particular attention is devoted to each sensor systemôs 

unique contributions to the field. Besides, it is crucial to consider personal variations like 

sweat rate or pH, which can invariably influence biomarker secretion, possibly confounding 

sensor readings. To mitigate this, we have devised wearable platforms capable of multiplexed 

measurements. These platforms are meticulously designed to consider and adjust for 

variations such as skin temperature, sweat pH, and ionic strength, ensuring a more reliable 
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and accurate analysis. However, it is important to note that the integration of these 

advanced measurement techniques and the expansion of measurement channels does 

inherently increase the electronic circuitôs power consumption. This vital aspect of power 

consumption and its implications will be explored comprehensively in the subsequent 

section. 

3.1 Molecularly Imprinted Polymer Sensors for Nutrient Monitoring 

3.1.1  Background 

Circulating nutrients are essential indicators for overall health and body function116. Amino 

acids (AAs), sourced from dietary intake, gut microbiota synthesis, and influenced by 

personal lifestyles, are important biomarkers for a number of health conditions (Fig. 3-1a)117. 

Elevated branched-chain amino acids (BCAAs) including leucine (Leu), isoleucine (Ile), and 

valine (Val), are associated with obesity, insulin resistance, and the future risk of type 2 

diabetes mellitus (T2DM), cardiovascular diseases (CVDs), and pancreatic cancer118ï120. 

Deficiencies in AAs (e.g., arginine and cysteine) could hamper the immune system by 

reducing immune-cell activation121. Tryptophan (Trp), tyrosine (Tyr) and phenylalanine 

(Phe) are precursors of serotonin and catecholamine neurotransmitters (dopamine, 

norepinephrine, and epinephrine), respectively, and play an important role in the function of 

complex neural systems and mental health122,123. A number of metabolic fingerprints 

(including Leu, Phe, and vitamin D) are linked to corona virus 2019 (COVID-19) 

severity124,125; health disparities in nutrition also correlate well with the alarming racial and 

ethnic disparities that are worsened by COVID-19 vulnerability and mortality126; moreover, 

organ and tissue dysfunction induced by SARS-CoV-2 could result in an increased incidence 

of cardiometabolic diseases127.  

Here we present a universal wearable biosensing strategy based on a judicious combination 

of the mass-producible laser-engraved graphene (LEG), electrochemically synthesized 

redox-active nanoreporters (RARs), biomimetic molecularly imprinted polymer (MIP)-

based óartificial antibodies,ô as well as unique in situ regeneration and calibration 

technologies (Fig. 3-1b). Unlike bioaffinity sensors based on antibodies or classic MIPs 
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which are generally one-time use and require multiple washing steps in order to transduce 

the bioaffinity interactions in standard ionic solutions128,129, this approach enables the first 

demonstration of sensitive, selective, and continuous monitoring of a wide range of trace-

level biomarkers in biofluids including all nine essential AAs as well as vitamins, 

metabolites, and lipids commonly found in human sweat. Seamless integration of this unique 

approach with in situ signal processing and wireless communication leads to a powerful 

wearable sweat sensing platform óNutriTrekô that is able to perform personalized and non-

invasive metabolic and nutritional monitoring toward timely intervention (Fig. 3-1b). The 

incorporation of the carbachol iontophoresis-based sweat induction and efficient 

microfluidic-based surrounding sweat sampling enables prolonged autonomous and 

continuous molecular analysis with high temporal resolution and accuracy across activities, 

during physical exercise and at rest. Using five essential or conditionally essential AAs (i.e., 

Trp, Try, and three BCAAs (Leu, Ile, Val)) as exemplar nutrients, we corroborated the 

system in several human trials by enrolling both healthy subjects and patients toward 

personalized monitoring of central fatigue, standard dietary intakes, nutrition status, 

metabolic syndrome risks, and COVID-19 severity. 

 

Figure 3-1. Biomimetic wearable biosensor for detection of circulating nutrients in 

sweat. a, Circulating nutrients such as amino acids are associated with various physiological 
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and metabolic conditions. b, Schematic of the wearable óNutriTrekô that enables metabolic 

monitoring through a synergistic fusion of laser-engraved graphene, redox-active 

nanoreporters, and biomimetic óartificial antibodies.ô 

3.1.2 Biomimetic sensor design and evaluation for universal metabolic and nutritional 

analysis 

Universal detection of AAs and other metabolites/nutrients with high sensitivity and 

selectivity was achieved through careful design of the selective binding MIP layer on the 

LEG. MIPs are chemically synthesized biomimetic receptors formed by polymerizing 

functional monomer(s) with template molecules. Although MIP technology has been 

proposed for sensing, separation and diagnosis129,130, it has not yet been demonstrated for 

continuous wearable sensing as classic MIP sensors require washing steps for sensor 

regeneration and the detection is generally performed in standard buffer or redox solutions. 

In our case, the functional monomer (e.g., pyrrole) and crosslinker (e.g., 3-

Aminophenylboronic acid) initially form a complex with the target molecule; following 

polymerization, their functional groups are embedded in the polymeric structure on the LEG; 

subsequent extraction of the target molecules reveals binding sites on the LEG-MIP electrode 

that are complementary in size, shape, and charge to the target analyte (Fig. 3-2). Two 

detection strategies  - direct and indirect - are designed based on the electrochemical 

properties of the target molecules (Fig. 3-3). 
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Figure 3-2. Schematic of the preparation procedure and detection mechanism of the 

LEG-MIP AA sensors. Left panel, electroactive AA sensor with direct detection 

mechanism; Right panel, AA sensor with indirect detection mechanism. 

For electroactive molecules in sweat, the oxidation of bound target molecules in the MIP 

template can be directly measured by differential pulse voltammetry (DPV) in which the 

peak current height correlates to analyte concentration (Fig. 3-3a). Considering that multiple 

electroactive molecules can be oxidized at similar potentials, this LEG-MIP approach 

addresses both sensitivity and selectivity issues. For example, Tyr and Trp, two AAs with 

close redox potentials (~0.7 V), could be detected selectively with this strategy (Fig. 3-3b,c 

and Fig. 3-4). Linear relationships between peak height current densities and target 

concentrations with sensitivities of 0.63 ÕA ÕMī1 cmī2 and 0.71 ÕA ÕMī1 cmī2, 

Supplementary Fig. 6 Schematic of fabrication procedure and detection mechanism of MIP-based AA sensors on the laser-engraved graphene. Left 
panel, electroactive AA sensor with direct detection mechanism; Right panel, AA sensor with indirect detection mechanism. 
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respectively, for the LEG-MIP Tyr and Trp sensors were observed. It is worth noting that 

choices of monomer/crosslinker/template ratios and incubation periods have substantial 

influences on sensor response while sample volume does not (Fig. 3-5). The Tyr and Trp 

sensors can be readily and repeatably regenerated in situ without any washing step with a 

high-voltage amperometry (IT) that oxidizes the bound targets at their redox potentials (Fig. 

3-3d). 

 

Figure 3-3. Direct detection of electroactive molecules using LEG-MIP sensors. a, 

Schematic of operation for direct detection. b,c, DPV voltammograms of the LEG-MIP 

sensors for direct Tyr (b) and Trp (c) detection. Insets, the calibration plots. æJ, peak height 

current density. d, In situ continuous sensing and regeneration of an LEG-MIP Trp sensor 

in 50 µM Trp. 

 

Figure 3-4. Selectivity studies of the LEG-MIP sensors for detecting two electroactive 

amino acids: Trp and Tyr. aïc, DPV voltammograms of a bare LEG electrode (a), an 

LEG-MIP Trp electrode (b), and an LEG-MIP Tyr electrode (c) in 50 ɛM Trp, 50 ɛM Tyr, 

and 50 ɛM Trp + 50 ɛM Tyr.  
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Supplementary Fig. 14 Selectivity studies of the LEG-MIP sensors for detecting two electroactive amino acids: Trp
and Tyr. a, DPV voltammograms of an LEG electrode in 50 ˃ M Trp, 50 ˃ M Tyr, and 50 ˃ M Trp +50 ˃ M Tyr, respectively.  
b, DPV voltammograms of an LEG-MIP Trp sensor in  50 ˃ M Trp, 50 ˃ M Tyr, and 50 ˃ M Trp +50 ˃ M Tyr, respectively. c, 
DPV voltammograms of an LEG -MIP Tyr sensor in  50 ˃ M Trp, 50 M˃ Tyr, and 50 ˃ M Trp +50 ˃ M Tyr, respectively.
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Figure 3-5. Evaluation of the effect of incubation time and sample volume on the 

LEG-MIP sensor performance. a,b, DPV voltammograms (a) and current density of the 

peak height (æJ) (b) of the Trp sensors in 50 ɛM Trp with varied 1ï20 min incubation time. 

c,d, DPV voltammograms (c) and current density of the peak height (æJ) (d) of the Trp 

sensors in 50 ɛM Trp with varied sample volumes. Error bars in b and d represent the s.d. 

from 3 sensors. 

As the majority of metabolites and nutrients (e.g., BCAAs) are non-electroactive and cannot 

easily be oxidized under operational conditions, we herein utilize an indirect detection 

approach involving an RAR layer sandwiched between the LEG and MIP layers to enable 

rapid quantitation (Fig. 3-6a). The selective adsorption of the target molecules onto the 

imprinted polymeric layer decreases the exposure of the RAR to the sample matrix. 

Controlled-potential voltammetric techniques such as DPV or linear sweeping voltammetry 

(LSV) can be applied to measure the RARôs oxidization or reduction peak, where the 

decrease in peak height current density corresponds to an increase in analyte levels. For 

example, using Prussian Blue nanoparticles (PBNPs) as the RAR, we developed a MIP-LEG 

Leu sensor with a log-linear relationship between the peak height decrease and Leu 

concentration and a sensitivity of 702 nA mm-2 per decade of concentration (Fig. 3-6b). We 

established this approach to quantify the physiologically relevant range of all nine essential 
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Supplementary Fig. 10 Evaluation of the effect of incubation time and sample volume  on LEG-MIP sensor performance. a,b, DPV voltammograms (a) 
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AAs (i.e., Leu, Ile, Val, Trp, Phe, histidine (His), lysine (Lys), methionine (Met), and 

threonine (Thr)) (Fig. 3-6c and Fig. 3-7) as well as a number of vitamins, metabolites, and 

lipids (vitamins B6, C, D3, and E, glucose, uric acid, creatine, creatinine, and cholesterol)  

(Fig. 3-6d and Fig. 3-8). In addition to these nutrients and metabolites, this approach can be 

easily reconfigured to enable the monitoring of a broad spectrum of biomarkers ranging from 

hormones (e.g., cortisol) to drugs (e.g., chemotherapy medications) (Fig. 3-9). Most of these 

targets are undetectable continuously by any existing wearable technology. Considering that 

a total level of multiple nutrients (e.g., total BCAAs) is often an important health indicator, 

a multi-template MIP approach can be used to enable accurate and sensitive detection of the 

total concentration of multiple targets with a single sensor (Fig. 3-6e,f). These indirect LEG-

RAR-MIP sensors can be regenerated in situ upon constant potential applied to the working 

electrode repels the bound target molecules from the MIP layer with prolonged re-usability 

(Fig. 3-6g). The LEG-MIP sensors show stable responses during repeatable use: The PBNPs-

based RAR showed stable redox signals throughout 60 repetitive cyclic voltammetry (CV) 

scans (Fig. 3-6h) 

 

Figure 3-6 Indirect molecular detection using LEG-RAR-MIP sensors. a, Schematic 

of operation for indirect detection. b, LSV voltammograms of indirect Leu detection with 

LEG-PBNP-MIP sensors. Inset, the calibration plot. c,d, Indirect detection of all essential 

AAs (c) and multiple vitamins, lipids, and metabolites  (d) using LEG-PBNP-MIP sensors. 

e, Schematic of multi-MIP AA sensors. f, LSV voltammograms of a LEG multi-MIP sensor 
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for BCAA quantification. Inset, the calibration plot. g, In situ continuous sensing and 

regeneration of an LEG-PBNP-MIP Leu sensor in 50 µM Leu. h, Repetitive CV scans of 

an LEG-PBNP electrode in 0.1 M KCl. 

 

Figure 3-7. LSV voltammograms of the LEG-PB-MIP sensors for indirect detection 

of all nine essential amino acids.  
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Supplementary Fig. 15 LSV voltammograms of the LEG-PB-MIPs for indirect detection of all essential amino acids, key 
vitamins and metabolites. Conditions in a-n, incubated in 0.01 M phosphate-buffered saline (PBS) contain corresponding 
concentration target, and tested in 0.1 M KCl solution.
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Figure 3-8. LSV voltammograms of the LEG-PB-MIP sensors for indirect detection 

of multiple vitamins, metabolites, and lipids.  
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Figure 3-9. LSV voltammograms and the corresponding calibration curves of the 

LEG-PB-MIP sensor for indirect detection of chemotherapy drugs (three cancer 

drugs: cyclophosphamide, busulfan, and mycophenolic acid) and hormones (i.e., 

cortisol). 

3.1.3 Evaluation of the wearable system for dynamic physiological and nutritional 

monitoring 

Evaluation of the wearable system was conducted first via sensing of sweat Trp and Tyr in 

human subjects during a constant-load cycling exercise trial (Fig. 3-10a-d and Fig. 3-11). 

The DPV data from the sensors were wirelessly transmitted along with temperature and Na+ 

sensor readings to the mobile app that automatically extracted the oxidation peaks using a 

custom developed iterative baseline correction algorithm (Fig. 3-10e and Fig. 3-12) and 

performed calibration for the accurate quantification of sweat Tyr and Trp. Considering that 

AAs (e.g., Try and BCAAs) play a crucial role in central fatigue during physical exercise131, 

1.5 2.51 2

1.2

2.4

3.6

0

ȹ
J
 (
ɛ

A
 m

m
-2

)

Log10([mycophenolic acid] (ɛM))

1.5 2.51 2

0.8

1.6

2.4

0

ȹ
J
 (
ɛ

A
 m

m
-2

)

Log10([cyclophosphamide] (ɛM))

1.5 2.51 2

0.8

1.6

2.4

0
ȹ

J
 (
ɛ

A
 m

m
-2

)

Log10([busulfan] (ɛM))

1.5 2.51 2

1.2

2.4

3.6

0

ȹ
J
 (
ɛ

A
 m

m
-2

)

Log10([cortisol] (ɛM))

0.1 0.2 0.30
-12

-8

-4

0

C
u

rr
e

n
t 

d
e

n
s
it
y
 (
ɛ

A
 m

m
-2

)

Potential (V)

O

O

OHHO

HO

H

H

H

Cortisol

10 ɛM

320 ɛM

d e f

ba c

0.1 0.2 0.30
-9

-6

-3

0

C
u

rr
e

n
t 

d
e

n
s
it
y
 (
ɛ

A
 m

m
-2

)

Potential (V)

O

S

O

O

S

O

O

O

Busulfan

10 ɛM

320 ɛM

N

P

O

NHO

Cl

Cl

0.1 0.2 0.30
-9

-6

-3

0

C
u

rr
e

n
t 

d
e

n
s
it
y
 (
ɛ

A
 m

m
-2

)

Potential (V)

Cyclophosphamide

10 ɛM

320 ɛM

0.1 0.2 0.30
-12

-8

-4

0

C
u

rr
e

n
t 

d
e

n
s
it
y
 (
ɛ

A
 m

m
-2

)

Potential (V)

Mycophenolic acid

10 ɛM

320 ɛM

O

HO

O

HO

O
O

Supplementary Fig. 17  LSV voltammograms of the LEG-PB-MIPs for indirect detection of all essential amino acids, key 
vitamins and metabolites. Conditions in a-n, incubated in 0.01 M phosphate-buffered saline (PBS) contain corresponding 
concentration target, and tested in 0.1 M KCl solution.

hg c



 

 

55 

a flexible Trp and BCAA sensor array was used to monitor the AA dynamics during 

vigorous exercise (Fig. 4fïj and Fig. 3-13). Both Trp and BCAA levels decreased during the 

exercise due to the serotonin synthesis and BCAA ingestion, respectively. The increased 

sweat Trp/BCAA ratio was observed which could potentially serve as an indicator for central 

fatigue, in agreement with a previous report on its plasma counterpart131.  

The wearable iontophoresis-integrated patch enables daily continuous AA monitoring at rest 

beyond the physical exercise. As illustrated in Fig. 4kïo and Figs. 3-14-17, rising Trp and 

Tyr levels in sweat were observed from all four subjects after Trp and Tyr supplement intake 

while the readings from the sensors remained stable during the studies without intake. Such 

capability opens the door for personalized nutritional monitoring and management through 

personalized sensor-guided dietary intervention. It should be noted that our pilot study 

showed that sweat nutrient and electrolyte levels were independent of sweat rate changes 

during the carbachol-based iontophoresis-induced sweat (Fig. 3-18).  

 
Figure 3-10. Wearable system evaluation across activities toward prolonged 

physiological and nutritional monitoring. aïd, Continuous on-body Trp and Tyr analysis 
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using a wearable sensor array with real-time sensor calibrations during cycling exercise. 

e, Custom voltammogram analysis with an automatic peak extraction strategy based on a 

polynomial fitting and cut-off procedure. fïj , Dynamic sweat Trp and BCAA analysis 

during physical exercise toward central fatigue monitoring. kïo, Dynamic analysis of 

sweat AA levels with and without Trp and Tyr supplement intake at rest toward 

personalized nutritional monitoring. 

 

Figure 3-11. Continuous on-body Trp and Tyr analysis with real-time sensor 

calibrations using a wearable sensor array on three subjects during a constant-load 

cycling exercise. b,f,j  represent the raw signals obtained from the on body measurement 

while c,g,k represent the corresponding data obtained with automated voltammogram 

analysis. 
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corresponding data obtained with automated voltammogram analysis.
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Figure 3-12. Automated voltammogram analysis. A sample input voltammogram (a) is 

approximated by a polynomial baseline that acts as a threshold (b) for the input 

voltammogram. The voltammogram below the threshold is retained, while the 

voltammogram above the threshold is replaced by the polynomial baseline to generate the 

first iteration cut-off voltammogram (c). The polynomial fitting and cutting-off procedure 

is iterated a specified number of times (d,e). After the iterative baseline correction, the 

original input voltammogram is subtracted by the final baseline to yield a corrected 
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Supplementary Fig. 35 Automated voltammogram analysis. 
A sample input voltammogram (a) is approximated by a 
polynomial baseline that acts as a threshold (b) for the input 
voltammogram. The voltammogram below the threshold is 
retained, while the voltammogram above the threshold is 
replaced by the polynomial baseline to generate the first 
iteration cut-off voltammogram (c). The polynomial fitting 
and cutting-off procedure is iterated a specified number of 
times (d,e). After the iterative baseline correction, the original 
input voltammogram is subtracted by the final baseline to 
yield a corrected voltammogram (f,g). A simple peak 
detection algorithm is employed to calculate the peak height 
and location of the corrected voltammogram.

Note: Fourth order polynomial fitting was used, and the 
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voltammogram (f,g). A simple peak detection algorithm is employed to calculate the 

peak height and location of the corrected voltammogram. 

 

Figure 3-13. Dynamic monitoring of central fatigue using the Trp/BCAA sensor array 

patches. aïc, BCAA (a), Trp (b) and Trp/BCAA ratio (c) before exercise and after vigorous 

exercise until fatigue in human serum. dïf, BCAA (d), Trp (e) and Trp/BCAA ratio (f) 

before exercise and after vigorous exercise until fatigue in iontophoresis sweat.  
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Figure 3-14.  Iontophoresis-based continuous on-body Trp and Tyr analysis using a 

wearable sensor array with and without supplement intake (Subject 2). aïc, The raw 

voltammograms (a), automatically corrected voltammograms (b), and calibrated 

biomarker trends (c) collected during an on-body study with the supplement intake (Trp 

and Tyr, 1 g each). dïf, The raw voltammograms (d), automatically corrected 

voltammograms (e), and calibrated biomarker trends (f) collected during an on-body study 

without the supplement intake. 
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Figure 3-15.  Iontophoresis-based continuous on-body Trp and Tyr analysis using a 

wearable sensor array with and without supplement intake (Subject 3). aïc, The raw 

voltammograms (a), automatically corrected voltammograms (b), and calibrated 

biomarker trends (c) collected during an on-body study with the supplement intake (Trp 

and Tyr, 1 g each). dïf, The raw voltammograms (d), automatically corrected 

voltammograms (e), and calibrated biomarker trends (f) collected during an on-body study 

without the supplement intake. 
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Figure 3-16.  Iontophoresis-based continuous on-body Trp and Tyr analysis using a 

wearable sensor array with and without supplement intake (Subject 4). aïc, The raw 

voltammograms (a), automatically corrected voltammograms (b), and calibrated 

biomarker trends (c) collected during an on-body study with the supplement intake (Trp 

and Tyr, 1 g each). dïf, The raw voltammograms (d), automatically corrected 

voltammograms (e), and calibrated biomarker trends (f) collected during an on-body study 

without the supplement intake. 

  

10 30 50 70 90
0

25

50

75

100

C
o

n
c
e

n
tr

a
ti
o

n
 (
ɛ

M
)

Time (min)

0

12

24

36

48

C
o

n
c
e

n
tr

a
ti
o

n
 (
ɛ

M
)

0.5 0.6 0.7 0.8
0

2

4

Potential (V)

3

6

0

0.4 0.5 0.6 0.7 0.8
0.07

0.08

0.09

0.05

0.07

0.09

0.4 0.5 0.6 0.7 0.8

0.01

0.02

0.03

0

Potential (V)

0.02

0.03

0.04

10 30 50 70 90
0

25

50

75

100

C
o

n
c
e

n
tr

a
ti
o

n
 (
ɛ

M
)

Time (min)

0

12

24

36

48

C
o

n
c
e
n

tr
a
ti
o

n
 (
ɛ

M
)

0.5 0.6 0.7 0.8
0

3

6

Potential (V)

3

6

0

Trp

Tyr

Subject 3

No intake

Trp

Tyr

P
o
te

n
ti
a

l (
m

V
)

Trp

Tyr

ca

P
o
te

n
ti
a

l 
(V

)

Intake

b

P
o

te
n

ti
a
l 
(m

V
)

Trp

Tyr

fd

P
o
te

n
ti
a
l 
(V

)

e

Subject 4

Subject 4

Supplementary Fig.39

Ionto

Intake   no intake



 

 

62 

 

Figure 3-17.  Tyr and Trp  levels in continuous on-body Trp and Tyr sensing using 

wearable sensor arrays with and without supplement intake. Bars indicate the mean 

value of target; error bars represent the s.d. of measurements from all the subjects (n= 4). 
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Figure 3-18.  Sweat rate and the concentrations of amino acids (Trp here) and Na+ on 

human subjects. The sweat was induced with the proposed carbachol-based iontophoresis.   

3.1.4 Discussion 

By integrating the mass-producible LEG, electrochemically synthesized RARs, and 

biomimetic óartificial antibodies,ô we have demonstrated a powerful universal wearable 

biosensing strategy that can achieve selective detection of an unprecedentedly broad range 

of biomarkers (including all essential AAs, vitamins, metabolites, lipids, hormones and 

drugs) and reliable in situ regeneration. Furthermore, to enable continuous and on-demand 

metabolic and nutritional monitoring across the activities, we have integrated the LEG-MIP 

sensor array and iontophoresis-based sweat induction into a wireless wearable platform, with 

optimized multi-inlet microfluidic sudomotor axon reflex sweat sampling, in situ signal 

processing, calibration, and wireless communication. Using this telemedicine platform, we 

have demonstrated the first-ever wearable and continuous monitoring of postprandial AA 

responses to identify risks for metabolic syndrome. The high correlation between sweat and 

serum BCAAs shows great promise of this platform towards metabolic syndrome risk 

monitoring. The significant difference in Leu between COVID-19 positive and negative 

blood samples indicates the potential of using this technology for at-home COVID-19 

management. We envision that this wearable platform could play a crucial role in the 

realization of precision nutrition through continuous monitoring of circulating biomarkers 

and enabling personalized nutritional intervention. This platform could also be reconfigured 

to continuously monitor a variety of other biomarkers toward a wide range of personalized 

preventive, diagnostic, and therapeutic applications.  
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3.1.5 Methods 

Fabrication and preparation of the LEG sensors. The LEG electrodes were fabricated on a 

polyimide film with a thickness of 75 ɛm (DuPont) with a 50 W CO2 laser cutter (Universal 

Laser System). When engraving the PI with a CO2 laser cutter, the absorbed laser energy is 

converted to local heat and thus leads to a high localized temperature (>2500 °C), chemical 

bonds in the PI network are broken and thermal reorganization of the carbon atoms occurs, 

resulting in sheets of graphene structures. The optimized parameters for the graphene 

electrodes and electronic connections were power 8%, speed 15%, points per inch (PPI) 1000 

in raster mode with 3-time scan. For the active sensing area of the temperature sensor, the 

optimized parameters were power 3%, speed 18%, PPI 1000 in vector mode with 1-time 

scan. To prepare the reference electrode, Ag was first modified on the corresponding 

graphene electrode by multi-current electrodeposition with electrochemical workstation 

(CHI 832D) at -0.01 mA for 150 s, -0.02 mA for 50 s, -0.05 mA for 50 s, -0.08mA for 50 s, 

and -0.1 mA for 350 s using a plating solution containing 0.25 M silver nitrate, 0.75 M 

sodium thiosulfate and 0.5 M sodium bisulfite. 0.1 M FeCl3 solution was further dropped on 

the Ag surface for 30 s to obtain the Ag/AgCl electrode, and then 3 µL PVB reference 

cocktail prepared by dissolving 79.1 mg of PVB, 50 mg of NaCl in 1 mL of methanol was 

dropped on the Ag/AgCl electrode and dried overnight. The Na+ selective electrode was 

prepared as follows: 0.6 µL of Na+ selective membrane cocktail prepared by dissolving 1 mg 

of Na ionophore X, 0.55 mg Na-TFPB, 33 mg PVC and 65.45 mg DOS into 660 µL of THF 

was drop-casted onto the graphene electrode and dried overnight. To obtain the desired stable 

Na+ sensing performance for long-term continuous measurements, the obtained Na+ sensor 

was conditioned overnight in 100 mM NaCl. 

All the MIP layers are synthesized by electro-polymerization. The polymerization solution 

was prepared by dissolving 5 mM template (e.g., target amino acid), 12.5 mM 

aminophenylboronic acid (APBA) and 37.5 mM pyrrole into 0.01 M phosphate buffer saline 

(PBS) (pH=6.5). For multi-MIP BCAA sensor, 5 mM of each target (i.e., Leu, Ile, and Val) 

was used. Prior to MIP deposition, the LEG was activated in 0.5 M H2SO4 with CV scans 

for 60 segments (-1.2ï1 V with a scan rate of 500 mV s-1). For the direct-detection LEG-MIP 
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sensors, the target imprinted polymer was electrochemically synthesized on the LEG 

electrode with CV deposition (0ï1 V for 10 cycles, 50 mV s-1) using the prepared 

polymerization solution. The target molecules were extracted by soaking the electrode into 

an acetic acid/methanol mixture (7:3 v/v) for 1 hour. Subsequently, the resulting electrode 

was immersed into 0.01 M phosphate buffer saline (pH=6.5) for repetitive CV scans (0.4ï1 

V with a scan rate of 50 mV s-1) until a stable response was obtained. For LEG-non-imprinted 

polymer (NIP), the electrode was prepared following the same procedure as LEG-MIP except 

that there was no template added in the polymerization solution.  

For the indirect-detection MIP sensors, electrochemically synthesized redox-active 

nanoreporters (RARs) (e.g., Prussian Blue nanoparticles (PBNPs) or anthraquinone-2-

carboxylic acid (AQCA)) was first modified on the LEG electrode. The PBNPs RAR on the 

LEG was prepared with cyclic voltammetry (20 cycles) (-0.2 to 0.6 V with a scan rate of 50 

mV s-1) in an aqueous solution containing 3 mM FeCl3, 3 mM K3Fe(CN)6, 0.1 M HCl and 

0.1 M KCl. A PBNP layer with appropriate redox signal is necessary to produce a good 

sensitivity for the final MIP sensors; to achieve this stable and suitable redox signal, the LEG-

electrode was rinsed with distilled water after the initial Prussian blue (PB) deposition and 

the PB electrodeposition step was repeated for two more times until a stable 70 µA LSV peak 

in 0.1 M KCl solution was achieved. Subsequently, the LEG-PB was rinsed with distilled 

water and immersed into a solution containing 0.1 M HCl and 0.1 M KCl for repetitive CV 

scans (-0.2ï0.6 V with a scan rate of 50 mV s-1) until a stable response was obtained. To 

prepare the AQCA RAR on the LEG, the LEG electrode was first incubated in 50 µL PBS 

(pH=6.5) with 5 mM AQCA at 4 ºC overnight. Subsequently, the LEG-AQCA was rinsed 

with distilled water and immersed into a phosphate buffer solution for repetitive CV scans (-

0.8ï0 V with a scan rate of 50 mV s-1) until a stable response was obtained. For the indirect-

detection LEG-PB-MIP sensors, an additional PB activation process was conducted right 

after the template extraction (IT scan at 1 V in 0.5 M HCl for 600 s), followed by an LEG-

PB-MIP sensor stabilization process in 0.1 M KCl (CV scans at -0.2ï0.6 V with a scan rate 

of 50 mV s-1). It should be noted that for the LEG-AQCA-MIP sensor, only 3 CV cycles 

polymerization was used to prepare the MIP layer, and the sensor was stabilized in 0.01 M 
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phosphate buffer saline (PBS) (pH=6.5) (CV scans at -0.8ï0 V with a scan rate of 50 mV 

s-1). 

System evaluation during exercise. To validate the wearable sensor system, we conducted 

constant-load cycling exercise on healthy subjects. The subjects reported to the lab after 

fasting overnight and were given a standardized protein drink (Fairlife, Core Power Elite). 

The subjectsô foreheads and necks were cleaned with alcohol swabs and gauze before the 

sensor patches were placed on the body. A stationary exercise bike (Kettler Axos Cycle M-

LA) was used for cycling trials. The subjects cycled at 60 rpm for 60 min or until fatigue. 

During the on-body trial, the data from the sensor patches were wirelessly sent to the user 

interface via Bluetooth. When the subjects started biking, the sensor system continuously 

acquired and transmitted temperature and sodium sensor data. Every minute, the electronic 

system initiated a transient voltage bias between the reference and working electrodes. When 

the bias triggered a current above an experimentally determined threshold, the system would 

start a CV cleaning cycle and then the first DPV scan as the initial background without target 

incubation. The DPV scan was repeated 7 min later as the post-incubation curve. Between 

the two scans, sodium and temperature sensor data were continuously recorded. Right after 

the post-incubation DPV, another cycle started with a IT cleaning/regeneration step, 

followed by an initial background DPV scan. The collected temperature, sodium, and DPV 

data were wirelessly transmitted to a user device via Bluetooth in real-time, where the 

molecular data was extracted, calibrated, and converted to concentration levels. Sweat 

samples were collected periodically from the subjects during the studies using centrifuge 

tubes. The sweat samples were then frozen at ī20 ÁC for further testing and validation via 

electrochemical test with the biosensors and GC-MS analysis.  

System evaluation with Tyr/Trp supplement intake. The subjects reported to the lab after 

fasting overnight. The subjectsô arms were cleaned with alcohol swabs and gauze before the 

sensor patches were placed on the body. The subjects were provided Tyr and Trp supplement 

(1 g each) for the intake study. In contrast, the control study was performed on the subjects 
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without any supplementary intake. A 5-min iontophoresis was applied on the subjects. The 

sensor data recording process was the same as exercise-based human trials.  

3.2 Immunosensor for Detection of C-reactive Protein in Sweat 

3.2.1  Background 

Real-time monitoring of inflammatory proteins allows remote disease progression tracking 

and early intervention, thus improving patient outcomes and lowering economic burdens in 

chronic diseases. However, most current commercial protein sensing technologies rely on 

invasive blood draws and require lengthy target incubation and labor-intensive washing steps 

to reach picomolar-level sensitivity. Although sweat is a non-invasive source for disease 

monitoring, wearable immunosensing is complex and sweat protein secretion is extremely 

underexplored, presenting a major challenge for personalized inflammation monitoring. 

Here, we present a wearable nanoengineered electrochemical biosensing technology that 

allows real-time and non-invasive analysis of a crucial inflammatory biomarker, C-reactive 

protein (CRP). Highly sensitive, selective, and fully automatic in situ inflammatory protein 

analysis across human activities was realized through seamless integration of a mesoporous 

graphene-gold nanoparticle modified immunosensor (coupled with thionine-tagged detector 

antibody-conjugated gold nanoparticles for signal transduction and amplification), 

autonomous sweat gland-driven microfluidics, and multimodal graphene sensor calibration. 

Through in vitro and in vivo clinical studies, we confirmed the presence and identified 

substantially elevated sweat CRP levels from patients with heart failure, chronic obstructive 

pulmonary disease, and active and past infections (e.g., COVID-19). We obtained a high 

correlation between sweat and blood CRP levels, demonstrating the potential of this 

technology toward non-invasive chronic disease management. 

3.2.2  Design of the wearable microfluidic LEG-AuNPs biosensor 

Key components of the wearable sensor are a skin-interfaced flexible, disposable, 

multimodal microfluidic biosensor patch fabricated on a polyimide (PI) substrate via CO2 

laser engraving and a FPCB for iontophoretic sweat induction, sensor data acquisition and 

wireless communication (Fig. 3-19b). The sensor array consists of an electrodeposited 
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AuNPs-decorated LEG working electrode immobilized with anti-CRP capture antibodies 

(cAb), a Ag/AgCl reference electrode, an LEG counter electrode for sweat CRP capturing 

and electrochemical analysis, an LEG-based impedimetric ionic strength sensor, a LEG-

polyaniline-based potentiometric sweat pH sensor, and a strain-insensitive resistive graphene 

temperature sensor. Considering that the potential users of this technology include sedentary 

and immobile patients, an iontophoresis module (based on a pair of LEG electrodes) is 

incorporated for on-demand delivery of cholinergic agonist carbachol from the carbachol 

hydrogel (carbagel) for autonomous sweat stimulation throughout daily activities without the 

need for vigorous exercise. A cost-effective and flexible microfluidic module is assembled 

by stacking laser-cut medical adhesives and polyethylene terephthalate (PET) for efficient 

sweat sampling (Fig. 3-19c). The miniaturized FPCB interfaces compactly on top of the 

microfluidic sensor patch to form the fully integrated wearable system (Fig. 3-19d). Powered 

by a small on-board lithium battery, the wearable system is able to wirelessly communicate 

with a user interface via Bluetooth Low Energy (Fig. 3-20). 

In order to realize automatic wearable CRP detection in situ, the microfluidic module 

comprises a reagent reservoir for the storage of the labeled anti-CRP dAbs-conjugated 

AuNPs, a serpentine mixing channel for mixing of dAb with sweat CRP, and a detection 

reservoir for the capture and quantification of sweat CRP (Fig. 3-19e). The redox molecule, 

TH, is used to label the nanoparticle conjugates to achieve direct electrochemical sensing. 

As the autonomously induced sweat flows into the microfluidics, the deposited dAbs 

conjugated AuNPs are reconstituted within the reagent reservoir (I) and routed along with 

sweat through a serpentine passive mixer to facilitate the dynamic binding between sweat 

CRP and dAb (II). As the mixture enters the detection reservoir, it slowly fills the chamber 

before exiting via the outlet; the detection reservoir has an optimized size to allow sufficient 

time for CRP-dAb to bind with anti-CRP cAb functionalized LEG-AuNPs working electrode 

(III). Subsequently, a fresh sweat stream continues to refresh the microfluidics to achieve 

passive label removal (IV). Square wave voltammetry (SWV) is used to measure the amount 

of TH bound to the working electrode surface. Since TH molecules are directly conjugated 

to CRP dAb-immobilized AuNPs, their amount bound is directly correlated to the amount of 
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CRP ósandwichedô between cAbs at the electrode surface and dAb-immobilized AuNPs, 

and consequently, the initial concentration of CRP in solution.  

 

Figure 3-19. Wearable electrochemical nanobiosensor for automatic, non-invasive, 

and wireless inflammation monitoring. a, Circulating C-reactive protein (CRP), released 

from inflammatory responses, is closely related to various chronic and acute health 

conditions and could be secreted via the sweat gland. COPD, chronic obstructive 

pulmonary disease. b, Schematic of the skin-interfaced multimodal wearable 

nanobiosensor that contains an iontophoretic module for localized sweat extraction on-

demand, a microfluidic module for automated sweat sampling and reagent routing, and a 

flexible laser-engraved graphene (LEG) multimodal sensor array for multiplexed sensing 

of sweat CRP, pH, temperature, and ionic strength. PI, polyimide; carbagel, carbachol 

hydrogel; PET/M-tape, polyethylene terephthalate/medical tape; IP, iontophoresis. c,d, 

Optical images of a disposable microfluidic graphene sensor patch (c) and a vertical stack 

assembly of the fully integrated wireless wearable system (d). Scale bars, 0.5 cm. e, The 

mechanism of in situ microfluidic sweat CRP analysis that involves fully-automatic sweat 

sampling, reagent routing, and detection. AuNPs, gold nanoparticles; cAb, capture 
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antibody; dAb, detector antibody; SWV, square wave voltammetry; TH, thionine; LTH, 

leuco thionine. 

 

Figure 3-20. The integrated wireless wearable electronics for CRP sensing. Scale bar, 

5 mm. 

3.2.3 System integration and on-body evaluation of the wearable biosensor 

The fully integrated wearable inflammation monitoring system, InflaStat, is designed based 

on vertical stack assembly of a flexible microfluidic sensor patch and an FPCB and can be 

comfortably worn by the subjects (Fig. 3-21a). As illustrated in electronic circuit block 

diagram and schematic in Fig. 3-21b, the FPCB is able to perform current-controlled 

iontophoresis, multiplexed multimodal electrochemical measurements (including 

voltammetry, impedimetry, and potentiometry), signal processing, and wireless 

communication. The integrated system could also accurately obtain the dynamic responses 

of the integrated LEG-based pH, ionic strength, and skin temperature sensors for real-time 

CRP sensor calibration (Fig. 3-21cïf). The InflaStat is designed to have good mechanical 

flexibility and stability toward practical usage during various physical activities.  

Clinical on-body evaluation of the wearable system was performed on healthy subjects 

(involving both never smokers and current smokers) as well as patients with COPD and post-

COVID-19 infection (Fig. 3-21gïl and Fig. 3-22). During the on-body trials, the wearable 
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system laminates conformally on the subjectôs arm, chemically induces and analyzes 

sweat, and acquires inflammatory biomarker information non-invasively and wirelessly (Fig. 

3-21g). The obtained sensor data can be displayed on a custom developed mobile app in real-

time (Fig. 3-21h). In situ pH, temperature, and CRP sensor readings are acquired after the 

ionic strength sensor indicate full refreshment of the detection reservoir (Fig. 3-21h-l). It 

should be noted that the THôs reduction peak for the CRP sensor appears at a slightly shifted 

potential given the variations in sweat pH (Fig. 3-23). The CRP concentration was converted 

in the mobile app based on the obtained SWV voltammogram and the corresponding real-

time obtained ionic strength, pH, and temperature values (Fig. 3-24). As expected, an 

elevated CRP level was observed from the current smokers as compared with the never 

smokers in healthy subjects. The CRP levels in the COPD patients and post-COVID subjects 

were substantially greater than those of non-smoking healthy subjects, suggesting the 

promise of using the InflaStat in practical non-invasive systemic inflammation monitoring 

and disease management applications.  
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Figure 3-21. On-body evaluation of the multiplexed wearable patch toward non-

invasive automatic inflammation monitoring. a, Image of a fully integrated wearable 

sensor on the arm of a human subject. Scale bar, 1 cm. b, Block diagram of the electronic 

system of the InflaStat. cïf, Calibration plots obtained using the wearable system from the 

CRP (c), ionic strength (d), pH (e) and temperature (f) sensors. Error bars represent the s.d. 

from 3 sensors. g, Photograph of a subject wearing the sensor patch during a clinical study. 

h, Custom mobile application for real-time data acquisition and display toward 

inflammation tracking. iïl, On-body multiplexed physicochemical analysis and CRP 

analysis with real-time sensor calibrations using the wearable sensor from a healthy never 

smoker (i), a healthy smoker (j ), a COPD patient (k) and a post-COVID subject (l).   
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Figure 3-22. On-body evaluation of the wearable sensor on a healthy subject and a 

post-COVID  subject. 

 

Figure 3-23. Influence of solution pH in peak potential and current of the redox 

molecule thionine. SWV voltammograms were obtained using the LEG electrodes in 5 

µM TH in 1X PBS. 
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Figure 3-24. Influence of the pH, ionic strength, and temperature on the CRP sensor 

reading. aïc, Color maps showing the dependence of the CRP sensor response on pH (a), 

electrolyte (b), and temperature (c) levels.  

 

3.3 Aptasensor for Non-invasive Female Hormone Monitoring 

3.3.1 Background 

Personalized monitoring of female hormones (for example, oestradiol) is of great interest in 

fertility and womenôs health. However, existing approaches usually require invasive blood 

draws and/or bulky analytical laboratory equipment, making them hard to implement at 

home. Here we report a skin-interfaced wearable aptamer nanobiosensor based on target-

induced strand displacement for automatic and non-invasive monitoring of oestradiol via in 

situ sweat analysis. The reagentless, amplifcation-free and ósignal-onô detection approach 

coupled with a gold nanoparticle-MXene-based detection electrode ofers extraordinary 

sensitivity with an ultra-low limit of detection of 0.14 pM. This fully integrated system is 

capable of autonomous sweat induction at rest via iontophoresis, precise microfuidic sweat 

sampling controlled via capillary bursting valves, real-time oestradiol analysis and 

calibration with simultaneously collected multivariate information (that is, temperature, pH 

and ionic strength), as well as signal processing and wireless communication with a user 

interface (for example, smartphone) (Fig. 3-25). We validated the technology in human 

participants. Our data indicate a cyclical fuctuation in sweat oestradiol during menstrual 

cycles, and a high correlation between sweat and blood oestradiol was identifed. Our study 
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opens up the potential for wearable sensors for non-invasive, personalized reproductive 

hormone monitoring. 

Figure 3-25: A wearable nanobiosensor based on strand-displacement aptamer 

switch for non-invasive reagentless female reproductive hormone analysis. a, Female 

hormones play an important role in womenôs health; non-invasive monitoring of oestradiol 

can be realized through sweat analysis using a skin-interfaced wearable sensor: (i) 

follicular phase; (ii) ovulation; (iii) luteal phase. GnRH, gonadotropin-releasing hormone; 

LH, luteinizing hormone; +, stimulatory effect; ī, inhibitory effect. b, The reagentless in 

situ quantification of oestradiol using a AuNPsïMXene sensor coupled with a target-

induced strand-displacement aptamer switch. i to iv represent recognition of the oestradiol 

molecule by the aptamer on the biorecognition interface (i), targetrecognition-induced 

strand displacement to release the MB-ssDNA (ii), recapture of thereleased MB-ssDNA by 

the SH-ssDNA on the working electrode (WE) (iii), and electrochemicalquantification of 

the methylene blue from the recaptured MB-ssDNA on the working electrode (iv). CE, 

counter electrode; RE, reference electrode. 

 

3.3.2 Design and characterization of the oestradiol nanobiosensor. 

The reagentless oestradiol sensor design was based on a strand-displacement aptamer switch. 

At the biorecognition interface, the oestradiol aptamer-ssDNA is immobilized on a AuNPs-
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decorated surface, forming a partially hybridized duplex with an MB-ssDNA probe 

molecule, which acts as a competitive redox probe (Fig. 3-26a). Considering that a short 

MB-ssDNA with weak but selective affinity reaction to the oestradiol aptamer is desired for 

efficient target-induced strand-displacement reaction, a 25-base MB-ssDNA was selected on 

the basis of secondary structure analysis of the oestradiol aptamer132: a substantial 

hybridization reaction was obtained from the 25-base MB-ssDNA but not from the molecules 

with 24 or fewer bases. On the detection working electrode, a capture thiolated ssDNA (SH-

ssDNA) molecule, the antisense strand of the MB-ssDNA probe molecule, is immobilized 

on a AuNPsïMXene electrode. In the presence of oestradiol, the MB-ssDNA is released by 

the aptamer-ssDNA because of the higher affinity of the aptamer to oestradiol than the 

partially hybridized sequence133, and then anneals to the complementary sequence at the 

working electrode (Fig. 3-26). The recaptured MB-ssDNA probe molecules can be 

quantified by the redox signal measured electrochemically via a square wave voltammogram 

(SWV). The reagentless ósignal-onô detection approach, coupled with highly sensitive low-

background SWV measurements, offers extraordinary sensitivity and applicability for ultra-

low-level sweat oestradiol analysis in situ134.  

 

Figure 3-26. Schematic of the reagentless electrochemical aptamer sensor based on 

competitive redox probe displacement and recapture. 

The sensor performance was evaluated by SWV in artificial sweat (0.2Ĭ PBS, pH 7.4) 

containing physiologically relevant oestradiol levels (0.1ï100 pM) (Fig. 3-27a). The sensor 

exhibited a log-linear relationship between peak current density height of the SWV 



 

 

77 

voltammograms and target concentrations with an ultra-low limit of detection of 0.14 pM 

(Fig. 3-27b). The oestradiol sensor demonstrated high selectivity to oestradiol over a variety 

of potential interferences present at much higher concentrations (Fig. 3-27c). The accuracy 

of the aptamer sensors for sweat oestradiol analysis was validated by the enzyme-linked 

immunosorbent assay (ELISA) using iontophoresis-induced sweat samples (Fig. 3-27d), and 

a high linear correlation coefficient of 0.921 between the ELISA and biosensor results was 

obtained. 

 

Figure 3-27. Performance of the reagentless electrochemical aptamer sensor a,b, 

SWV response of the aptamer oestradiol sensors in artificial sweat (0.2Ĭ PBS, pH 7.4) with 

0, 0.1, 0.5, 1, 5, 10, 50 and 100 pM of oestradiol (a) and the corresponding calibration plot 

based on the peak current height of the SWV voltammograms (b). Each SWV 

voltammogram was obtained from an independent oestradiol sensor (total eight sensors) 

in a. E2, oestradiol. Error bars represent the s.d. of the mean from three sensors. c, 

Selectivity of the aptamer sensor to potential interferences (50 pM) in human sweat. Error 

bars represent the s.d. of the mean from three sensors. d, Validation of the aptamer sensor 

towards oestradiol quantification in iontophoresis-induced human sweat samples with 

ELISA (n = 25). The dashed line represeonts the linear-fit trendline. r, linear correlation 

coefficient.  

Considering that the optimal incubation time for the competitive interaction and recapture is 

over 60 min, we explored the use of an external electric field (a positive potential bias 

between the working and counter electrodes before incubation) to reduce the incubation 

periods for rapid oestradiol analysis. Since ssDNA is negatively charged, applying a positive 
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potential at the working electrode results in electrophoresis-based enhanced transport of 

the released MB-ssDNA redox probe across the sensing gap and substantially reduces the 

necessary incubation time (Fig. 3-29a,b). As a result, electrochemical measurements reveal 

a substantially enhanced sensor signal after a 10 min incubation period with the application 

of a bias potential (1 min duration at +0.5 V before incubation) (Fig. 3-28a and Fig. 3-30), 

in agreement with the numerical simulation results (Fig. 3-28b and Fig. 3-29c,d). It should 

be noted that the hybridized MB-ssDNA dominates the signal of the final measurement while 

electrostatic adsorption or chelation of MB-ssDNA onto the positively charged detection 

working electrode only contributes to a small portion of the final measurement result. 

Considering that all free MB-ssDNA molecules result from the selective oestradiol-induced 

strand-displacement reaction, such electrostatic adsorption only contributes positively to 

sensitivity without compromising sensor selectivity. The oestradiol sensor can be readily 

regenerated in deionized water (Fig. 3-28c) or in acidic conditions (Fig. 3-31) after 1 min of 

incubation to perform repetitive oestradiol quantification (Fig. 3-28d). Successful oestradiol 

sensing and sensor regeneration showed only 6.2% signal drift after five cycles of repetitive 

measurement and/or regeneration (Fig. 3-28d and Fig. 3-32). 

 

Figure 3-28. Incubation and regeneration of reagentless electrochemical aptamer 

sensor. a, Calibration plots of the aptamer sensors with 10 min of incubation measured 

with and without the assistance of an external electric field. Error bars represent the s.d. of 

the mean from three sensors. b, Experimental and simulation results of the sensor response 

with and without the assistance of an external electric field after 10 min of incubation. The 

inset shows simulated molecular diffusion and recapture of MB-ssDNA around the 

working electrode. Exp., experimental result; Sim., simulation result; E, electric field; BI, 
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biorecognition interface. Error bars represent the s.d. of the mean from three sensors. c,d, 

The SWV voltammograms (c) and the corresponding peak current height (d) showing the 

regeneration and repetitive use of the aptamer oestradiol sensors with 50 pM of oestradiol. 

Error bars represent the s.d. of the mean from three sensors. 

 

Figure 3-29. Electric field enhanced rapid estradiol analysis. a,b, Schematic illustration 

of the enhanced MB-ssDNA transport process toward the working electrode without (a) 

and with (b) an external electric field. c,d, The peak current height of the SWV 

voltammograms of the estradiol sensors (c) and numerically simulated sensor performance 

(d) under varying incubation time with and without the assistance of an external electric 

field. Error bars represent the s.d. of the mean from three sensors. 
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Figure 3-30. Rapid estradiol analysis with the assistance of an external electric field. 

a,b, SWV voltammograms obtained with 10-minute incubation of the estradiol sensors in 

1, 5, 10, 50 pM estradiol without (a) and with (b) the assistance of an external electric field. 

 

Figure 3-31. Sensor regeneration in artificial sweat. a,b, SWV voltammograms (a) of 

the estradiol sensors for detection of 50 pM estradiol in artificial sweat (0.2x PBS, pH 7.4) 

and regeneration through 1-minute rinse using artificial sweat (0.2x PBS, pH 5), and the 

corresponding peak current height (b) showing the regeneration and repetitive use of the 

estradiol sensors. 
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Figure 3-32. Schematic about the in vitro sensor regeneration process 

Considering that the large interindividual variability in sweat compositions (that is, pH and 

ionic strength) could have a major influence on the target recognition and electrochemical 

measurement, a polyaniline-based potentiometric pH sensor and an impedimetric ionic 

strength sensor were developed and integrated into the sensor patch. In vitro sensor 

evaluation revealed linear relationships between the measured potential and pH for the pH 

sensor, and between measured admittance and electrolyte levels for the ionic strength sensor.  

3.3.3 In vivo evaluation of the wearable oestradiol sensor  

During a menstrual cycle, oestradiol level in the blood rises and falls twice as illustrated in 

Fig. 3-33a: it gradually increases in the mid-follicular phase and reaches the highest point 

right before ovulation; then the oestradiol level drops quickly after ovulation, followed by a 

secondary rise during the mid-luteal phase and a secondary decrease at the end of the 

menstrual cycle135. Compared to invasive and lengthy blood assay, analysing sweat 

oestradiol using wearable technology offers a highly attractive approach for remote at-home 

female hormone monitoring (Fig. 3-33a). To validate the clinical values of the sweat 

oestradiol measured by the sensor, human studies were conducted over two consecutive 

menstrual cycles on two healthy female participants by simultaneously monitoring urine 

luteinizing hormone, body temperature and blood oestradiol (Fig. 3-33b,c). The results 

revealed that oestradiol levels in both sweat and serum reached the peak right before the 

ovulation while the urine luteinizing hormone and temperature levels peaked during the 

ovulation period, confirming oestradiolôs potential for early ovulation prediction. The main 

and secondary rise of the oestradiol was also observed in both sweat and serum in all 

menstrual cycles. This indicates that sweat oestradiol follows cyclical fluctuation during the 

menstrual cycles. In addition, a strong correlation coefficient of 0.837 was identified between 

sweat and blood oestradiol levels from the pilot study (Fig. 3-33d), suggesting the high 

potential of sweat oestradiol as a non-invasive biomarker for fertility and ovulation 

monitoring.  
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On-body evaluation of the wearable technology for real-time in situ oestradiol analysis 

was performed on three female participants on day 5, day 13 and day 20 during a menstrual 

cycle with the sensor patch conformally attached onto the skin (Fig. 3-33e). During the study, 

sweat was induced via the built-in iontophoresis module, and sampled by the microfluidics. 

Multiplexed sensor data were collected wirelessly using a user interface (Fig. 3-33fïh). The 

calibrated oestradiol levels were converted in real time and displayed in a custom-developed 

mobile app based on the obtained multimodal data (Fig. 3-33e). As expected, the lowest 

oestradiol levels were observed on day 5 whereas the highest values appeared on day 13 in 

all participants; moderate oestradiol levels were observed on day 20 due to the secondary 

rise of the oestradiol during the menstrual cycle. Additional control studies were performed 

on three male participants; very low oestradiol levels were obtained on all participants with 

no apparent fluctuations (Fig. 3-34). 
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Figure 3-33. Evaluation of the wearable sensor for non-invasive female hormone 

monitoring in human participants. a, Hormonal fluctuations over the menstrual 

cycle. b,c, Continuous female hormone monitoring for two menstrual cycles in two female 

participants. Urine luteinizing hormone (LH) levels were tested by the commercial LH 

strips kit while oestradiol levels in serum and sweat were tested by the ELISA and the 

aptamer sensors, respectively. Error bars represent the s.d. of the mean from three 

measurements. Participant 1 was female, 32 years old (b) and participant 2 was female, 

28 years old (c). d, Correlation of oestradiol levels between human sweat and serum 

(n = 51). Dashed line represents the linear-fit trendline. e, Optical images of a female 

human participant wearing the wireless wearable sensor during an on-body test. The 

collected data were wirelessly sent to a smartphone and displayed in the custom-developed 

mobile app. Scale bar, 1 cm. fïh, On-body multiplexed physicochemical sensing and 



 

 

84 

oestradiol quantification with real-time sensor calibrations using the wearable aptamer 

sensor in the follicular (f), ovulation (g) and luteal (h) phases of menstrual cycles for three 

female human participants. Participant 1 was female, 31 years old; participant 2 was 

female, 28 years old and participant 3 was female, 32 years old. Temp., temperature. 

 

Figure 3-34. On-body wearable multiplexed physicochemical sensing and estradiol 

quantification in three male human subjects. Male subjects were used here as the control 

(compared to the female subjects in Fig. 3-33). 
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C h a p t e r  4  

SYSTEM LEVEL INTEGRATION AND POWERING OF WEARABLES 

Materials from this chapter appear in ñMin, J.; Tu, J.; Xu, C.; Lukas, H.; Shin, S.; Yang, Y.; 

Solomon, S. A.; Mukasa, D.; Gao, W. Skin-Interfaced Wearable Sweat Sensors for Precision 

Medicine. Chemical Reviews 2023, 123 (8), 5049ï5138. 

https://doi.org/10.1021/acs.chemrev.2c00823.ò  
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Broad adoption of wearable sensor devices that continuously and unobtrusively monitor 

physiochemical biomarkers can enable personalized healthcare through big data and 

predictive algorithms. Wearable sweat sensing offers an attractive means of biochemical 

screening among large populations as sweat is rich in biomarkers. However, sustainable 

powering of wearable sweat sensor devices is a challenge as autonomous sweat extraction, 

multiplexed biomarker detection, data processing, and data communication consume 

significant energy and typically require bulky lithium batteries. This section will first detail 

the various electronic modules in wearable sweat sensor devices that consume power (Fig. 

4-1), then explore innovative approaches in sustainably powering these devices without 

relying of lithium batteries. We have designed and integrated various energy harvesting 

modules such as biofuel cells (BFCs), triboelectric nanogenerators (TENGs), and solar cells 

(SCs) into wearable platforms for battery-free analysis of sweat biomarkers.  

 

Figure 4-1. Electronic system block diagram of wearable sweat sensors. Control 

amplifier (CA), digital to analog converter (DAC), transimpedance amplifier (TIA), analog 

to digital converter (ADC), instrumentation amplifier (InAmp), serial peripheral interface 

(SPI), universal asynchronous receiver-transmitter (UART), general-purpose input/output 

(GPIO), direct current (DC). 
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4.1 Analog Interface 

4.1.1 Iontophoretic Sweat Stimulation 

The analog interface for wearable sweat sensors can be divided into two main categories: 

iontophoretic sweat stimulation control and electrochemical sweat analysis. For the 

controlled transdermal delivery of sweat inducing drugs (pilocarpine, carbachol), a high 

compliance voltage constant current source circuit is required. For reliable and safe sweat 

stimulation, a constant current density of around 1.5 mA cm-2 is often used, which typically 

requires a compliance voltage between 10 V and 40 V due to the high, dynamic, and variable 

impedance of the skin. As the remainder of the circuit generally operates below 5 V, a boost 

converter is required to generate the power supply for the current source. A variety of current 

source circuits have been used for wearable iontophoretic sweat stimulation: a voltage 

controlled current source using a differential amplifier and transistor was used for generating 

a variety of current waveforms48, and a commercial three terminal current source (LM334, 

Texas Instruments) was used to deliver a constant current.136 Simple constant current sources 

based on active transistors or linear regulators could also be explored for generating constant 

currents independent of the load. While skin impedance is initially high, delivery of an 

iontophoretic current increases skin permeability and rapidly decreases skin impedance until 

it levels off to a value dependent upon applied current density.137 With a limited compliance 

voltage, it often takes some time for the skin impedance to decrease and applied current to 

reach a desired level. With poor electrode contact, the current may never reach the desired 

value. Therefore, it is important to monitor the applied current using a current shunt monitor 

or a transimpedance amplifier (TIA). Finally, a protection circuit including a current limiter 

and switch should be employed for user safety and to isolate the iontophoresis circuit from 

the measurement circuit during sweat analysis.  

4.1.2 Sweat Analysis 

Various electrochemical measurement techniques have been utilized for quantifying 

biomarker levels in sweat. A potentiostatic circuit is required for amperometric and 

voltammetric measurements, where the current across the reference and working electrodes 
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is measured in response to the application of a controlled potential across the reference and 

working electrodes of a three-electrode electrochemical system. Amperometric 

measurements are often paired with enzymatic electrodes for the detection of sweat 

metabolites such as glucose and lactate, whereas voltammetric measurements are often used 

for the direct detection of redox active biomarkers such as uric acid and tyrosine. Generally, 

two low input bias operational amplifiers (op-amps) are used to construct a potentiostat 

circuit to minimize undesired current flow into the reference electrode, including a control 

amplifier and a TIA. The control amplifier utilizes digital to analog converter (DAC) 

generated voltages to bias the reference electrode with respect to the working electrode, and 

the TIA converts the resultant current flowing through the counter and working electrodes 

into a potential that is acquired by an analog to digital converter (ADC). A constant potential 

is applied across the reference and working electrodes for amperometric measurements, 

whereas dynamic potential waveforms of various frequencies are applied for voltammetric 

measurements. Typically, the voltage sweep rate for voltammetric techniques is up to 50 

mV/s for DPV, up to 500 mV/s for cyclic voltammetry (CV), up to 5 V/s for SWV, and up 

to 500 V/s for FSCV. Thus, while amperometric measurements can operate with low 

bandwidth operational amplifiers and long ADC measurement intervals to achieve a low 

power consumption, voltammetric measurements with higher frequency signals require 

higher bandwidth operational amplifiers and shorter ADC measurement intervals, which 

correlates to an increased power consumption. 

Impedance measurements have been commonly used for sweat rate and sweat ionic strength 

sensors. Like potentiostatic circuits, impedance measurement circuits apply an alternating 

current (AC) voltage signal across the sensor electrodes, and then measure the resulting 

current waveform to compute the magnitude and phase angle of the impedance. However, 

impedance measurements can require the handling of AC signals with frequencies as high as 

200 kHz, and therefore require a circuit with significantly higher bandwidth and complexity, 

as well as quick and frequent ADC conversions. In addition, due to the difficulty of 

transmitting large amounts of resulting ADC data, impedance measurement circuits often 
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incorporate a discrete Fourier transform (DFT) engine for the hardware-based processing 

of impedance data. 

Open circuit potentiometry (OCPT) is one of the most commonly used electrochemical 

techniques for wearable sweat sensors due to its simplicity and low power consumption. 

Typically used for the selective detection of sweat electrolytes, OCPT requires a high-

impedance voltmeter for measuring the potential between the reference electrode and a 

working electrode (ISE). As the source impedance of potentiometric sensors can be high, 

they must be interfaced with a high input impedance voltage buffer to minimize current flow 

through the electrodes. Typically, a buffered reference voltage sets the potential of the 

reference electrode, and an instrumentation amplifier is used to buffer and amplify the 

potential difference between the reference and working electrodes, and that potential is then 

acquired by an ADC. For sweat electrolyte measurements, the sensor response is generally 

stable and therefore a low bandwidth instrumentation amplifier and a long ADC 

measurement interval can suffice the requirements for continuous monitoring, enabling low 

power and small footprint instrumentation. For multiplexed sensors requiring simultaneous 

potentiometric and amperometric measurements, the control amplifier from the potentiostat 

circuit can be shared for biasing the shared reference and counter electrodes.138 

4.2 Signal Processing and Wireless Communications 

Wearable devices typically contain a microcontroller and a Bluetooth low energy (BLE) or 

near field communication (NFC) wireless system for signal processing. The microcontroller 

consists of a microprocessor that runs algorithms to control the rest of the electronic system 

through its peripherals (timers, ADC, etc.) and acquire and transmit accurate sweat sensor 

data while consuming the least power. For wireless communications, BLE and NFC are the 

most popular wireless communication protocols due to their low power and ease of 

integration into systems as mobile phones are often embedded with BLE and NFC 

capabilities. BLE devices operating at 2.4 GHz can transmit data up to ~100 m with a tiny 

antenna but requires a power supply to be on the device. On the other hand, NFC devices 

operating at 13.56 MHz can only transmit data up to ~10 cm with a larger antenna but do not 
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require a power supply as the power is wirelessly transferred from the NFC reader. BLE 

system-on-chips (SoCs) that integrate a microcontroller and BLE radio such as nRF52832 

(Nordic Semiconductor), CC2540 (Texas Instruments), PSoC 4 BLE (Infineon 

Technologies) have been popularly used for developing wearable sweat sensor devices. 

These devices are typically in deep sleep mode (< 2 µA) and wake up intermittently to 

perform quick tasks or to transfer BLE data (5 ~ 20 mA) at connection intervals of up to 4 s, 

consuming an average current as low as 10 µA. BLE SoCs are also sometimes integrated 

with antennas into system-on-modules (SOMs) or system-in-packages (SiPs) to save costs 

on antenna design and Federal Communications Commission (FCC) certification fees. 

However, for mass production or customized circuit geometries, designing a custom antenna 

matching circuit with a BLE SoC may be more attractive. SoCs such as RF430FRL154H 

(Texas Instruments) integrating an NFC transponder with a microcontroller have also been 

used for the battery-free wireless transmission of wearable sweat sensor data. 

4.3 Power Management 

For battery-powered wearables, a power management circuit can be as simple as a single 

voltage regulator, or a direct current (DC)-DC converter followed by a voltage regulator 

depending on the battery voltage with respect to the operation voltage of the system. 

However, for prolonged device use and extended battery life, it is often beneficial to include 

charging and battery management circuits that make sure the battery safely charges and 

discharges within a desired temperature current, and voltage range. Energy harvesting 

wearables often require additional circuitry to best utilize the scavenged electricity for either 

charging a battery or supercapacitor, or directly powering the electronics through capacitors. 

Energy harvesters such as biofuel cells or solar cells that generally output low DC voltages 

require DC-DC boost converters with dynamic maximum power point tracking to extract 

maximal energy while boosting the supply voltage above the system operation voltage for 

charging an energy storage device. Energy harvesters that output a DC voltage significantly 

higher than the system operation voltage, such as solar cells connected in series, can directly 

charge the energy storage device. On the other hand, energy harvesters such as TENGs and 
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piezoelectric nanogenerators (PENGs) that output an AC voltage require a bridge rectifier 

for converting the AC voltage into a DC voltage that can charge the energy storage device 

either directly or through a boost converter depending on the magnitude of the voltage. 

Furthermore, energy harvesting wearables require a threshold control unit and protection 

circuit to regulate the charging and discharging of energy storage devices for safe and energy 

efficient powering of wearables. For example, the threshold control unit can allow an energy 

harvesting device to fully charge an energy storage device to an upper threshold voltage; 

then, the energy storage device can simultaneously be charged and discharged to power the 

electronics through a voltage regulator until the energy storage device reaches a lower 

threshold voltage; then, the energy storage device can stop discharging and get charged back 

to the upper threshold voltage. Power management integrated circuits (PMICs) that integrate 

these functionalities into a single chip greatly reduce system footprints and energy losses139.  
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C h a p t e r  5  

HARVESTING ENERGY FROM BODY MOTIONS 

Materials from this chapter appear in ñSong, Y.; Min, J.; Yu, Y.; Wang, H.; Yang, Y.; Zhang, 

H.; Gao, W. Wireless Battery-Free Wearable Sweat Sensor Powered by Human Motion. 

Science Advances 2020, 6 (40), eaay9842. https://doi.org/10.1126/sciadv.aay9842.ò and ñ 

Yu, Y.; Nassar, J.; Xu, C.; Min, J.; Yang, Y.; Dai, A.; Doshi, R.; Huang, A.; Song, Y.; 

Gehlhar, R.; Ames, A. D.; Gao, W. Biofuel-Powered Soft Electronic Skin with Multiplexed 

and Wireless Sensing for Human-Machine Interfaces. Science Robotics. 2020, 5 (41), 

eaaz7946. https://doi.org/10.1126/scirobotics.aaz7946.ò, and ñ Min, J.; Gao, W. Battery-Free 

Wearable Electrochemical Sweat Sensors. In 2023 IEEE International Flexible Electronics 

Technology Conference (IFETC); IEEE: San Jose, USA, CA, USA, 2023; pp 1ï5. 

https://doi.org/10.1109/IFETC57334.2023.10254891.ò 
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Current wearable devices in the market are primarily powered by bulky rechargeable 

lithium-ion batteries that need to be charged by a universal serial bus (USB) cable or through 

inductive coupling every couple of days. In the short run, companies are looking for 

innovations to extend the battery life of wearable devices and minimize the inconveniences 

of frequent charging. While the increase of battery power density is slow, rapid 

improvements in low-power electronics and wireless communication protocols have 

contributed significantly to extend the battery life of wearables, and the convenience of 

wireless charging options has also appealed to customers. On the other hand, charging of 

wearable devices can be eliminated by developing wearable energy harvesting systems that 

can harvest energy from the body through sweat or motion. In the long term, it is also critical 

to devise powering systems that are biocompatible and sustainable. Currently lithium 

batteries are rigid and bulky, limiting wearability to applications such as wrist watches that 

people are already accustomed to. Furthermore, lithium batteries often contain toxic heavy 

metals and flammable electrolytes that can cause potential safety hazards and disposal 

burdens.140 Wearable powering systems composed of energy harvesting modules and energy 

storage modules that are flexible, stretchable, washable, and sustainable are highly sought 

after. These innovations will not only serve as a convenience to everyday users of wearable 

sensors, but also can be life changing in emergency or military scenarios where traditional 

device charging is not possible. 

5.1 Background 

Over the past years, extensive interest and efforts have focused on developing novel sensors 

and improving the wearability of these platforms.141,142 Until now, most wearable sensor 

prototypes relied on bulky and rigid battery packs to power the electronic circuitry for data 

acquisition, processing, and transmission. Flexible batteries have been proposed to enable 

conformal contact on skin143,144, and incorporation of low-power electronics has substantially 

reduced the power requirements of wearables and enabled the use of small coin cell batteries. 

Despite these efforts, batteries still face limitations in that they need to be charged and 

replaced frequently. In addition, while unlikely, lithium ion batteries are susceptible to 
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explosion, posing safety concerns. Battery-free systems powered by near-field 

communication (NFC) are reported145,146 but could suffer from short operation distance. As 

an alternative, energy can be harvested from renewable, portable, and sustainable sources 

such as solar light, biofluids, and human motion to power future wireless wearable 

electronics.147ï150 

TENG, which convert the mechanical energy created by human motion into electrical energy 

via coupling of inductive and triboelectric effects151ï156, offer a highly attractive energy 

harvesting strategy to power wearable sweat sensors during intensive physical activities as 

their operation is independent from uncontrollable external sources such as sunlight or 

wireless power transmitters. Despite the advantage, most of the existing TENG-based 

devices suffer from low power intensity, inefficient power management, and a lack of power 

continuity and longevity; thereby, the use of a TENG to continuously power a fully integrated 

wireless wearable molecular sensor system has not been reported.149,157ï160 

Here, we propose a battery-free, fully self-powered wearable system that consists of a highly 

efficient wearable freestanding-mode TENG (FTENG), low-power wireless sensor circuitry, 

and a microfluidic sweat sensor patch on a single FPCB platform that can dynamically 

monitor key sweat biomarkers (e.g., pH and Na+) (Fig. 5-1a). Such an FTENG-powered 

wearable sweat sensor system (FWS3) is designed and prepared to be compatible with 

traditional FPCB manufacturing processes, which enables mass productivity and high 

reliability. Our freestanding FPCB-based design, coupled with effective power management, 

allows efficient energy harvesting from human skin, particularly suitable for powering skin-

interfaced wearables. With the aid of waterproof medical tape, the FWS3 can be conformally 

laminated on the side torso to maximize the potential for energy harvesting (Fig. 5-2b,c). 

The integrated Bluetooth Low Energy (BLE) module allows sensor data to be conveniently 

transmitted to a mobile interface for health status tracking during exercise. This represents 

the first demonstration of a fully integrated battery-free triboelectrically driven wearable 

system for multiplexed sweat sensing. 
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Figure 5-1. Battery-free FWS3 for wireless and noninvasive molecular monitoring. a, 

Schematic illustrating the FWS3 that integrates human motion energy harvesting, signal 

processing, microfluidic-based sweat biosensing, and Bluetooth-based wireless data 

transmission to a mobile user interface for real-time health status tracking. b,c, Optical 

images of an FPCB-based FWS3, which can be worn on a human side torso. Scale bars, 4 

cm. d, Schematic diagram of the FPCB-based FTENG with a grating slider and an 

interdigital stator. e, Schematic diagram of the FWS3 showing a microfluidic-based sweat 

sensor patch interfacing with the flexible circuitry. f, System-level block diagram showing 

the power management, signal transduction, processing, and wireless transmission of the 

FWS3 from the FTENG to the biosensors, then to the user interface. Photo credit: Yu Song, 

California Institute of Technology. 
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5.2 Results 

5.2.1 Design of the FWS3 

The FTENG consists of an interdigital stator and a grating-patterned slider (Fig. 5-2d). To 

obtain a strong electrification effect, polytetrafluoroethylene (PTFE) and copper are used as 

tribo-pairs in the flexible FTENG. The FTENG is fabricated through commercial FPCB 

technology (as illustrated in Supplementary Fig. 5-1), and the detailed dimensional 

parameters are shown in Supplementary Fig. 5-2. The inter-electrode distance was 

optimized through transferred charge density studies of the FTENGs (Supplementary Fig. 

5-3). The stator and slider are patterned through photolithography as the periodically 

complimentary interdigital structure and the grating structure, respectively. With an 

electroless nickel/immersion gold (ENIG) surface finish on the electrode area, the stator is 

further laminated by PTFE. The reusable flexible circuitry in conjunction with a disposable 

microfluidic sweat sensor patch can continuously perform electrochemical measurements of 

key biomarkers in sweat (Fig. 5-2e). During exercise, the FTENG generated power is stored 

and released from a capacitor as controlled by the power management integrated circuit 

(PMIC) (Fig. 5-2f). When fully charged, the storage capacitor releases its stored energy, 

which is regulated to a stable voltage to power the BLE programmed system on a chip (PSoC) 

module and instrumentation amplifiers for acquisition and transmission of potentiometric 

measurements over BLE. 

5.2.2 Characterization of the FTENG 

The working mechanism of the FTENG can be explained as the coupling effect of contact 

electrification and in-plane sliding-induced charge transfer, as illustrated in Fig. 5-2a. As 

copper is more triboelectrically positive than PTFE, electrons accumulate on PTFE during 

the sliding process. In the initial state, the grating slider fully overlaps with one stator 

electrode and no charge flow occurs between the interdigital stator electrodes due to the 

electrostatic equilibrium. The unidirectional sliding process results in a charging flow 

between stator electrodes until the grating slider fully overlaps with the second stator 

electrode with reversed polarity. This working process was further validated by numerical 
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simulation using COMSOL Multiphysics (Supplementary Fig. 5-4). The detailed model 

of the FTENG under open-circuit and short-circuit conditions is explained in 

Supplementary Fig. 5-5 and notes S1 and S2. The optical microscopic image of our 

proposed FPCB-based FTENG and the typical short-circuit current (ISC) profiles of an 

FTENG at different working frequencies are shown in  Fig. 5-2b,c. The FTENG operates 

consistently at varying frequencies of 0.5, 1.25, and 3.3 Hz, resulting in the maximum ISC of 

8.39, 19.11, and 42.25 ɛA, respectively. The open-circuit voltage (VOC) attained at the 

frequency of 0.5 Hz is presented in Supplementary Fig. 5-6a, where the signal polarity of 

the envelope waveform oscillates rapidly along the sliding process. To evaluate the use of 

our FPCB-based FTENG as a power source, the voltages and powers are measured under a 

series of different load resistances (Fig. 5-2d), with a working frequency of 1.5 Hz for 

actuation. An increase of resistance beyond 1 megohm leads to a rapid increase of voltage. 

With a load resistance of 4.7 megohms, the FTENG reaches a maximum power output of 

0.94 mW (corresponding to 416 mW mī2). 

The PTFE of the FPCB-based FTENG displays superior durability performance over 

conventional micro-pyramid polydimethylsiloxane (M-PDMS) and wrinkled PDMS (W-

PDMS) after 20,000 working cycles, where the VOC experiences minimal decay as 

displayed in Supplementary Fig. 5-6b. The scanning electron microscopy (SEM) images 

in  Fig. 5-2e and Supplementary Fig. 5-7 reveal the morphologies of different triboelectric 

materials before and after the durability test: The PTFE shows great mechanical robustness 

without scratches, while both M-PDMS and W-PDMS suffer notable surface damage. The 

influence of normal force and shear force (reflected by sliding frequency) on the performance 

of the FTENG during regular use is demonstrated in Supplementary Fig. 5-8: The peak 

output voltage increases and then saturates with the increase of normal forces, while the 

output voltage remains stable under varied sliding frequencies for a given normal force. The 

FTENG is mechanically robust and shows similar electrical output even under a high normal 

force of 100 N. The FTENGôs response is stable after 1000 bending cycles (radius of 

curvature, 5 cm) (Supplementary Fig. 5-9) and under varied physiological temperatures 

(Supplementary Fig. 5-10). Moreover, the FTENG could maintain high performance after 

https://www.science.org/doi/full/10.1126/sciadv.aay9842#F2
https://www.science.org/doi/full/10.1126/sciadv.aay9842#F2
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100 washing cycles, indicating superior wearable capabilities over conventional TENGs 

(Supplementary Fig. 5-11 and Supplementary Table 5-1). In designing future TENG-

powered devices, it is important to consider factors such as cost, materials, mechanical 

properties, and power density. TENGs commonly prepared through fabric weaving and 

polymer coating processes are very low cost but limited by low fabrication resolution and 

reproducibility. In contrast, the FPCB-based FTENG offers a high-resolution, cost-effective, 

and mechanically robust energy harvesting solution. 

To meet the high energy demands of the wearable sensors, one, three, and six panels of the 

FTENGs, designed by taking consideration of the size of human side torso, were further 

evaluated by capacitor charging (Fig. 5-2f). The output of the FTENG was rectified with a 

full -wave rectifier. These different FTENG layouts were each actuated for 30 working cycles 

to charge capacitors ranging from 10 to 1000 ɛF (Fig. 5-2g). For the capacitor with 1000 ɛF, 

0.03, 0.12, and 0.19 V could be obtained for one, three, and six panels, respectively, showing 

great charging capability. At a working frequency of 3.3 Hz, the six-panel FTENG showed 

a maximum transferred charges (ůSC) of 15.73 ɛC during one working cycle 

(Supplementary Fig. 5-12a). Meanwhile, Supplementary Fig. 5-12b portrays the 

charging-discharging curves of different capacitors charged to 2 V with a three-panel 

FTENG at a working frequency of 2 Hz. The three-panel FTENG, actuated at a working 

frequency of 1.5 Hz, was able to repetitively charge a 47-ɛF capacitor over a 2-hour duration 

from 0 to 2 V (Fig. 5-2h), indicating high long-term cycling stability. The FTENGs can also 

be used to charge capacitors of various capacitances at different cycle lengths 

(Supplementary Fig. 5-13). Depending on the application, connecting several FTENGs in 

parallel can be a practical and attractive strategy to greatly increase power output. 
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Figure 5-2. Characterization of the FTENG for energy harvesting from human 

motion. a, Schematic illustration of the working mechanism and charge distribution of the 

FTENG. b, Microscopic and optical images of an FPCB-based interdigital stator with an 

ENIG surface finish on the patterned electrode area. Scale bars, 200 ɛm and 5 mm. c, 

Current output of an FTENG under different working frequencies. d, Peak voltage and the 

corresponding average power of an FTENG at different external load resistances (n = 5). 

Working frequency, 1.5 Hz. e, Durability of M-PDMSï, W-PDMSï, and PTFE-based 

stators after 20,000 test cycles. V and V0 represent the peak open-circuit voltage after and 

before the durability test. Inset images, SEM images of M-PDMS, W-PDMS, and PTFE 

after 20,000 test cycles. Scale bars, 5, 50, and 50 ɛm. f, Schematic of the flexible FTENG 

with different stator layouts (one, three, or six panels in parallel) and corresponding slider 

layouts. g, Comparison of voltages of the capacitors ranging from 10 to 1000 ɛF charged 

with one-, three-, and six-panel FTENGs for 30 cycles. h, Long-term stability of a three-
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panel FTENG in charging a 47-ɛF capacitor under a working frequency of 1.5 Hz for 

2 hours. 

5.2.3 Design and characterization of microfluidic sweat sensor patch 

Fig. 5-3a depicts the schematic of the dual biosensor array used for sweat analyte analysis 

based on ion-selective electrodes (ISEs). Laser-engraved microfluidic channels are 

assembled onto the sensing patch. Detailed fabrication procedures are listed in Materials and 

Methods and Supplementary Fig. 5-14. The Ag/AgCl reference electrode is coated with 

polyvinyl butyral (PVB) to sustain a steady potential for the potentiometric measurements of 

various electrolytes in sweat regardless of solution ionic strength. For pH analysis, the 

deprotonation of H+ atoms on the surface of the electrodeposited polyaniline (PANI) layer is 

measured as an indicator of bulk H+ concentration. Na+ concentration measurements are 

facilitated by a thin ion-selective membrane containing a Na+ ionophore X and a poly(3,4-

ethylenedioxythiophene (PEDOT):poly(sodium 4-styrenesulfonate) (PSS) layer in between 

the gold electrode layer and sodium ion-selective membrane as an ion-electron transducer 

that can minimize the potential drift of the biosensor. As depicted in Fig. 5-3b,c, the pH and 

Na+ sensors display near-Nernstian sensitivities of 56.28 and 58.63 mV per decade 

concentration, respectively, in physiologically relevant pH levels (4 to 8) and 

Na+ concentrations (12.5 to 200 mM). Both sensors show excellent selectivity, 

reproducibility, and long-term stability (Supplementary Figs. 5-15-17), and their responses 

remain stable under different physiological temperatures (Supplementary Fig. 5-18), 

making them suitable for wearable continuous monitoring. 
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Figure 5-3. Characterization of the microfluidic-based biosensor patch in vitro. a, 

Schematic of a flexible biosensor array containing a pH sensor and a Na+ sensor patterned 

on a flexible PET substrate. b,c, Open-circuit potential responses of a pH sensor in standard 

Mcllvaineôs buffer solutions (b) and a Na+ sensor in NaCl solutions (c). Insets show the 

corresponding calibration plots of each sensor. Error bars represent the SDs from six 

independent tests. (d) Schematic of the microfluidic design for dynamic sweat sampling. 

M-tape, medical tape. (e) Dynamic response of a Na+ sensor under different flow rates upon 

switching the solution concentrations. (f) Repeatability of dynamic response of a 

Na+ sensor by continuously switching the inflow solutions at a flow rate of 2 ɛl minī1. (g) 

Schematic of microfluidic sensor patch conformally attached to human skin. Inset image, 

optical image of a microfluidic sensor patch under mechanical deformation. Scale bar, 5 

mm. h,i, Responses of a Na+ and pH sensor array after 0, 200, and 400 cycles of bending 
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(h) and during bending states (i) (radius of curvature, 2 cm). Data recording was paused 

for 30 s to change the conditions and settings. Photo credit: Yu Song, California Institute 

of Technology. 

Laser patterned microfluidic layers were attached onto a polyethylene terephthalate (PET) 

sensor substrate in a sandwich structure (medical-tape/PDMS/medical-tape) for controlled 

and automated on-body sweat sampling (Fig. 5-3d and Supplementary Fig. 5-19). To 

validate the performance of the microfluidic system, dynamic biosensing was performed 

during continuous flow injection of Na+ solutions at varying physiologically relevant sweat 

rates (1, 2, and 4 ɛl minī1) (Fig. 5-3e). When the Na+ concentration was switched from 50 

to 200 mM at a flow rate of 2 ɛl minī1, the Na+ sensor took ~2 min to reach new stable 

readings. The high temporal resolution is repeatable over multiple concentration change 

cycles (Fig. 5-3f). The flexible microfluidic sensor patch can conformally adhere to human 

skin (Fig. 5-3g) and shows excellent mechanical stability through rigorous bending tests 

(radius of curvature, 2 cm), indicating their potential for wearable applications in various 

physical activities (Fig. 5-3h,i). 

5.2.4 System-level integration for energy management and low-power biosensing 

As aforementioned, the FWS3 consists of an interdigital FENG stator, a PMIC, a low-dropout 

voltage regulator, two low-power instrumentation amplifiers, and a BLE PSoC module 

seamlessly integrated onto a polyimide-based FPCB. In addition, the full platform requires a 

grating-patterned FTENG slider and a microfluidic sensor patch. For design compatibility 

and flexibility, the FTENG and electronic circuitry were designed on a single PCB design 

software. The detailed part list and circuit diagram for the flexible circuitry are shown in 

Supplementary Figs. 5-20 and 5-21, respectively. A block diagram illustrating the electrical 

connections between the modules is shown in Fig. 5-4a. For optimal power management, a 

commercial energy harvesting PMIC was adopted to manage power generated by the 

FTENG with minimal power waste. With the aid of a bridge rectifier that converts the high 

voltage AC signal generated by the FTENG into a DC signal, the PMIC stores the FTENG 

generated power in two capacitors in parallel (220 and 22 ɛF). The three SET_VOUT resistors 

https://www.science.org/doi/full/10.1126/sciadv.aay9842#F3
https://www.science.org/doi/full/10.1126/sciadv.aay9842#F3
https://www.science.org/doi/full/10.1126/sciadv.aay9842#F3
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set the programmable threshold and hysteresis voltages such that the stored power is 

released only when absolutely necessary through built-in switch control logic. When the 

voltage of the storage capacitors (VSTORE) reaches 3.5 V, the capacitors supply energy to the 

load/output (VOUT) until VSTORE decreases to 2.2 V. At 2.2 V, the PMICôs control unit 

disconnects the storage capacitors from the load/output until the storage capacitors are 

charged back to 3.5 V. When supplied by the storage capacitors, the load/output voltage is 

regulated to 2.2 V by a voltage regulator to provide a stable voltage for the precise 

measurement circuitry. 

 

Figure 5-4. System-level integration and evaluation of the FWS3. a, Schematic diagram 

of the battery-free FWS3 consisting of an FTENG module, a biosensor interface, 

instrumentation amplifiers, an energy harvesting PMIC, a voltage regulator, and a BLE 

PSoC module. b, Operation flow of the FWS3 with signal processing and data transmission. 

c, Power consumption of the FWS3 during the operation. d, Real-time potential of the 

capacitor (242 ɛF) during the continuous operation of the FWS3 with a three-panel FTENG 

under different working frequencies. e, Validation of data transmission from an FWS3 with 
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a three-panel FTENG under different working frequencies. f, Long-term stability of the 

capacitor charging process when an FWS3 operates under a working frequency of 1.5 Hz. 

g, Sensor responses in a collected human sweat sample when an FWS3 operates under a 

working frequency of 1.5 Hz. 

Efficient power management is matched with low-power measurement via low-power 

instrumentation amplifiers with shutdown modes, and low-power data transmission via 

connectionless BLE advertisements to enable FTENG-powered wearable and wireless sweat 

analysis. Every time the storage capacitor is charged to 3.5 V, the BLE PSoC module initiates 

one ~510-ms operation cycle as portrayed in the flow diagram (Fig. 5-4b). After startup of 

the main processor, the PSoC pulls a general-purpose input/output (GPIO) pin high to wake 

up the two instrumentation amplifiers from shutdown. After initialization of the 

instrumentation amplifiers, the PSoCôs embedded 12-bit ADC samples and averages 32 

potentiometric measurements acquired through the instrumentation amplifiers. After ADC 

measurements, the instrumentation amplifiers are shut down to minimize power 

consumption. The BLE submodule of the PSoC requires the 32-kHz watch crystal oscillator 

(WCO) for accurate operation, which has a maximum startup time specification of 500 ms. 

Therefore, after the ADC measurements, the main processor of the PSoC starts the WCO 

and goes into deep sleep for 500 ms where it consumes ~2 ɛA. Then, the BLE stack initializes 

and the ADC measurements are advertised to a nearby BLE observer user device. The 

detailed power consumption breakdown of the circuit including the voltage regulator, BLE 

PSoC module, and two instrumentation amplifiers is shown in Fig. 5-4c. When supplied with 

2.2 V, the circuit consumes an average of 330 ɛA during ~510 ms (168 ɛC). 

Several studies were performed to validate the robust operation of the fully integrated system. 

The three-panel FTENGs were activated via sliding motion at frequencies ranging from 2 to 

1 Hz to simulate human arm swing during exercise.161 The resultant charging and discharging 

cycles of the storage capacitors are shown in Fig. 5-4d. Furthermore, to validate the operation 

of the low-power wireless sensor circuitry, the potentiometric inputs were simulated by using 

a DC power supply to apply voltages ranging from 100 to 300 mV (charged every 300 s) 
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across the reference and working electrode pins (Fig. 5-4e). These simulated sensor 

inputs were accurately measured and transmitted by the FPCB platform while being powered 

by a three-panel FTENG actuated at various working frequencies. The long-term stability of 

the whole FWS3 system is demonstrated by using the FTENG to power the FPCB for more 

than 4 hours, during which pH and Na+ concentrations in collected human sweat were 

measured for an hour (Fig. 5-4f,g). Furthermore, the long-term durability of the FPCB-based 

FTENG was tested by comparing its ability to power the whole platform after 1 month of its 

initial use (Supplementary Fig. 5-22). Improvements in wireless data transmission in terms 

of transmission interval can be attained by further advancing the power density and 

efficiency of the FTENG. 

5.2.5 On-body evaluation of the FWS3 in prolonged physical activities 

Common cardiovascular exercises such as running, rowing, and elliptical training induce a 

sliding motion between the side of the torso and the inner arm. Taking advantage of this 

mechanical motion, the stator of FTENG can be fixed on the side torso, and the slider of 

FTENG can be attached to the inner part of the arm. For on-body evaluation, a six-panel 

stator FTENG-based FWS3 was used for increased power output (as illustrated in 

Supplementary Fig. 5-23). The FTENG power output waveforms during various exercises 

are shown in Fig. 5-5a. Treadmill running was chosen as the exercise to perform on-body 

validation experiments for the entire system. The FPCBôs storage capacitor charging and 

discharging curve during a 60-min constant speed running session shows that up to 18 

operation cycles can be achieved (Fig. 5-5b). The length of charging/discharging cycle 

ranges from 2.1 to 3.7 min (Fig. 5-5c). It should be noted that the system generates power 

when the stator and slider physically rub against each other; the charge in the capacitor will 

accumulate without discharge whenever there is rubbing motion; when the capacitor is 

charged to a threshold voltage, the capacitor will discharge and power a single measurement 

event. Despite duration variations in capacitor charging/discharging cycles caused by varied 

rubbing area, forces, and frequencies, the FWS3 system proved itself to be fully functional 

during normal physical exercises (Supplementary Fig. 5-24). On-body performance of the 

entire FWS3 was evaluated on a healthy subject through treadmill running at a constant speed 
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of 9 km hourī1. Two wearable systems, charged by the FTENG and the battery, were 

placed on the back of the subject. The physiological information collected by both systems 

were wireless-transmitted to a user interface through BLE for further analysis (Fig. 5-5d). 

Five measurements were recorded from the FWS3 during the 30-min exercise; stable pH 

levels and increased Na+ levels were observed from both systems (Fig. 5-5e), confirming the 

accuracy of the battery-free FWS3 for on-body sensing. The noise contribution during 

various exercises performed by the subjects wearing an FWS3 is insignificant in comparison 

to the sensor signal of interest (Supplementary Fig. 5-25). These data demonstrate the 

potential of the self-powered wearable platform for continuous monitoring of various 

physiological biomarkers in sweat during exercise. 
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Figure 5-5. On-body evaluation of the FWS3 for wireless, dynamic perspiration 

analysis. a, Output waveforms of a six-panel FPCB-based FTENG during various 

exercises. b,c, Real-time potential of the capacitor charged by an FTENG (b) and the 

average charging time for each package transmission (c) when a subject is running on a 

treadmill for 1 hour at a constant speed of 9 km hourī1. The ratio in c represents the 

percentage of charging cycles (with charging duration within a given time range) out of all 

the charging cycles. When the potential reaches 3.3 V, the capacitor is discharged due to 
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the BLE data transmission. d, Optical image of a subject on a treadmill wearing an 

FWS3 and a mobile phone. e, Real-time sweat pH and Na+ levels wirelessly obtained from 

the wearable systems charged by a lithium battery and by an FTENG during constant speed 

running. Photo credit: Yu Song, California Institute of Technology. 

5.3 Discussion 

The emerging wearable technologies have enabled numerous personalized medical 

applications. Wearable sweat analysis has the potential to achieve noninvasive and 

continuous monitoring of an individualôs health status at molecular levels. Owing to the 

multifunctioning and multitasking requirements, wearable sweat biosensors usually have 

high power consumption. Batteries are the primary power source of most of the wireless e-

skin systems but usually suffer from limited usability, especially when there is limited 

electricity availability. Given that a major application of sweat sensing is health and fitness 

tracking during vigorous exercise, energy harvesting from the human body is a promising 

approach for powering future wearable sweat sensors, particularly the ones that can convert 

biomechanical energies from human motion into electricity. 

The advent of TENG technology sparked great excitement due to its potential application in 

self-powered systems, particularly for wearable and implantable electronics. As a newly 

emerging technique for energy conversion, TENGs face major challenges that need to be 

addressed for practical applications. First, TENG signals are essentially high-voltage pulses 

and insufficient to meet real-time energy consumption for wearable electronics; second, for 

wearable continuous use, the longevity of TENGs needs to be improved due to the stability 

limitations of organic polymeric materials used for device fabrication. Last but not least, 

system integration of TENGs in wearable devices and demonstrations of their usability in 

practical applications are significantly underdeveloped. 

Here, we addressed these challenges by proposing a highly robust, mass-producible, fully 

self-powered battery-free wearable system that can efficiently and reliably harvest energy 

from human motion during vigorous exercises through an FPCB-enabled FTENG. As 
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compared to traditional TENGs, the fabricated FTENG using commercial FPCB 

fabrication procedures shows remarkable mechanical and electrical stability even after 

intensive mechanical deformations and repeated washing cycles. Through seamless system 

integration and efficient power management, this fully flexible system is able to power 

multiplexed sweat biosensors and wirelessly send data to the user interfaces through 

Bluetooth during on-body human trials. Compared to previously reported TENG-based 

wireless sensor systems (Supplementary Table 5-2) that either are not wearable or require 

ultralong charging periods to perform measurements, the FWS3 represents a breakthrough in 

terms of practicality for wearable applications. We envision that, with further development, 

this technology could serve as a highly attractive approach toward self-powered wireless 

personalized health monitoring during peopleôs daily activities; it will also find numerous 

applications in environmental and defense areas. 

5.4 Methods 

5.4.1 Design and fabrication of the FPCB module 

The FPCB module for the FTENG and electronic circuit was designed using Eagle CAD 

(Autodesk). The BLE PSoC module was programmed in the PSoC Creator Integrated Design 

Environment (Cypress Semiconductor). A full list of components for the circuit design 

provided in Supplementary Fig. 5-20 includes power management units (MB10S-13, 

Diodes Incorporated; S6AE101A, Cypress Semiconductor; TPS7A05, Texas Instruments), 

a BLE PSoC module (CYBLE-022001-00, Cypress Semiconductor), potentiometric sensing 

units (AD8235, Analog Devices), and passive components. A detailed circuit diagram is 

shown in Supplementary Fig. 5-21. 

The flexible circuitry and FTENG were fabricated by a commercial FPCB manufacturer 

(detailed fabrication process shown in Supplementary Fig. 5-1). Two sheets of commercial 

flexible copper clad laminates (120 ɛm thick; JingHuang Electronics Co.), consisting of a 

flexible polyimide substrate and a copper film, sandwich a thin layer of epoxy adhesive. The 

copper films were patterned by photolithography and etched by a FeCl3 solution to fabricate 

the circuit elements and interdigital electrode of the stator, and complementary grating 
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structures of the slider. An ENIG layer was deposited to protect the stator electrode. Last, 

a layer of PTFE was laminated on the interdigital electrode of the stator to induce 

electrification. The total size of one-panel stator of the FTENG is 22.6 cm2 (length, 5.78 cm; 

width, 3.78 cm). The weight of one-panel stator of the FTENG is 0.586 (without PTFE 

coated) and 0.782 g (with PTFE coated). The total size and weight of one-panel slider of the 

FTENG are 18.22 cm2 (length, 4.36 cm; width, 4.18 cm) and 0.396 g, respectively. 

5.4.2 Fabrication of microfluidic sensor patch 

The fabrication of the electrode array is demonstrated in Supplementary Fig. 5-14. After 

pretreatment of the PET substrate, E-beam evaporation was used to deposit 20 nm of Cr and 

then 100 nm of Au onto a PET substrate to form the 3-mm-diameter gold electrodes. The 

electrode arrays were additionally coated with 1 ɛm of Parylene C (ParaTech LabTop 3000 

Parylene coater) and patterned through photolithography. The fabricated array was further 

etched with O2 plasma via reactive ion etching (Oxford III-V System 100 ICP/RIE) to 

remove the parylene layer at the designated sensing area. Then, the electrodes were modified 

and deposited with different functional materials to form the Na+ and pH working electrodes 

with a shared Ag/AgCl reference electrode. A CO2 laser cutter was used to pattern the 

microfluidic layers. A waterproof double-sided medical tape layer patterned with 3-mm-

diameter chambers was first attached to the PET sensor substrate. Then, a PDMS layer (100 

ɛm thick) patterned with 3-mm-diameter reservoirs, inlets, an outlet, and fluidic connections 

was adhered onto the medical tape. Last, another medical tape layer patterned with inlets was 

attached on the PDMS layer. 

5.4.3 Preparation of biosensors 

An electrochemical workstation (CHI 860, CH Instruments) was used for electrochemical 

deposition and sensor characterization. For the Ag/AgCl reference electrode, an Ag 

deposition solution (0.25 M AgNO3, 0.75 M Na2S2O3, and 0.43 M NaHSO3) was used to 

deposit Ag on the Au electrode through constant voltage electrodeposition (ī0.25 V for 600 

s). Next, 0.1 M FeCl3 was drop-casted onto the Ag for 30 s to form Ag/AgCl. A total of 6.6 

ɛl of the PVB reference cocktail (79.1 mg of PVB, 50 mg of NaCl, 1 mg of F127, and 0.2 
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mg of MWCNT in 1 ml of methanol) was drop-casted on the Ag/AgCl electrode and left 

overnight to dry. The pH ISE was first modified by depositing Au (50 mM HAuCl4 and 50 

mM HCl) at 0 V for 30 s, followed by electropolymerizing PANI on the Au electrode in a 

bath (0.1 M aniline and 0.1 M HCl) through 50 cycles of cyclic voltammetry (ī0.2 to 1 V at 

a scan rate of 50 mV sī1). For the Na+ ISE, constant current electrodeposition (14 ɛA for 740 

s) in a solution containing 0.01 M EDOT and 0.1 M NaPSS was used to deposit PEDOT:PSS 

on one Au electrode. Then, 15 ɛl of Na+ selective membrane cocktail was drop-coasted onto 

the PEDOT:PSS layer and dried overnight. To prepare the cocktail, 100 mg of a mixture 

containing Na ionophore X (1%, w/w), Na-TFPB (0.55%, w/w), PVC (33%, w/w), and DOS 

(65.45%, w/w) was dissolved in 660 ɛl of THF. 

5.4.4 On-body evaluation of the FWS3 

The validation and evaluation of the FWS3 were performed with human subjects at the 

gymnasium in compliance with all the ethical regulations under a protocol (ID 19-0892) that 

was approved by the Institutional Review Board at the California Institute of Technology. 

The participating healthy subjects, ages 20 to 35, were recruited from the California Institute 

of Technology. All subjects gave written, informed consent before participating in the study. 

Subjects performed cardiovascular exercises using a running machine (Aeon), an elliptical 

machine (Precor), and a rowing machine (Stamina). Before exercise, the subjectôs upper back 

was wiped and cleaned with alcohol swabs and gauzes. Then, waterproof double-sided 

medical tape was used to adhere the FWS3 onto the subjects. The system including the 

FTENG stator was adhered to the side torso, and the FTENG slider was fixed onto the inner 

arm. To ensure accurate data, a new microfluidic sensor patch was used for each human trial. 

To evaluate the power output of the FTENG during the exercise, the output of the FTENG 

or the voltage across the storage capacitor was connected to an oscilloscope. When 

evaluating the entire system including the microfluidic sensor patch, the subjects were asked 

to run on a treadmill at a constant speed of 9 km hourī1 for 30 min (to obtain sensor data 

regularly every several minutes); the BLE data were retrieved from a mobile phone or a 

personal computer. In addition, sweat samples were collected periodically from the forehead 
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of the subjects and pipetted into centrifuge tubes to be centrifuged at 6000 rpm for 15 

min. The sweat samples were then frozen at ī20ÁC for further testing. 

5.5  Supporting Information 

 
Supplementary Figure 5-1. Fabrication process of the slider and the stator of the 

FTENG. Steps (i-vi) are compatible to the commercial FPCB fabrication process. 
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Supplementary Figure 5-2. Structure and parameters of the FPCB-based FTENG 

with an interdigital stator and a grating slider. 

 

Supplementary Figure 5-3. Theoretical model and transferred charge density studies 

of FTENGs. a, The theoretical model of FTENG. b-f, The simulated transferred charge 

densities at different sliding displacements of 5 FTENGs with varied inter-electrode 

distances. 

 

Supplementary Figure 5-4. Potential distribution across the interdigital electrodes of 

the FTENG under opencircuit condition. a-c, The potential distributions at initial state 

(a), intermediate state (b), and final state (c), respectively, as simulated by COMSOL. 



 

 

115 

 

Supplementary Figure 5-5. Model and theoretical analysis of the FTENG. a,b, 

Schematic illustration of FTENG under open-circuit condition (a) and short-circuit 

condition (b). 

 

Supplementary Figure 5-6. Output performance of the FTENG. a, Waveforms of 

output voltages of an FTENG under a working frequency of 0.5 Hz. b, Cycling stability of 

output performance of a FTENG after 20,000 cycles under a working frequency of 2 Hz. 

 

Supplementary Figure 5-7. Morphologies of different triboelectric materials before 

durability test. a-c, Scanning electron microscopy (SEM) images of conventional micro-

pyramid PDMS (M-PDMS) (a), wrinkled PDMS (W-PDMS) (b) and PTFE (c), 

respectively. Scale bars, 50 ɛm, 5 ɛm, and 50 ɛm, respectively. 
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Supplementary Figure 5-8. Force-influenced performance of the FTENG. a-d, The 

peak open-circuit voltage of the FTENG under different normal forces at a fixed working 

frequency of 1 Hz (a and b) and at varied working frequencies (c and d). The normal force 

acting on the FTENG was kept at 30 N for c and d. Error bars represent the standard 

deviations dof the peak voltages measured from 10 working cycles. 

 

Supplementary Figure 5-9. Mechanical stability of the FTENG. a, The normalized peak 

open-circuit voltage of an FTENG after hundreds of bending cycles at a working frequency 

of 1 Hz. b,c, The output performance of an FTENG at initial state (b) and after 1,000 
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bending cycles (c) during the test. Error bar represents the standard deviations of the 

normalized peak voltages measured from 10 working cycles. 

 

Supplementary Figure 5-10. Dependence of FTENG output on temperature. a,b, Peak 

open-circuit voltage (a) and peak short-circuit current (b) of FTENG under different 

temperatures at a working frequency of 1 Hz. Error bars represent the standard deviations 

of the peak amplitudes measured from 10 working cycles. 

 

Supplementary Figure 5-11. Washing durability of the FTENG with 100 washing 

cycles at a working frequency of 1 Hz. 
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Supplementary Figure 5-12. Output performance of the FTENG with different 

panels. a, Transferred charges of an FTENG with different panels during sliding process 

at a frequency of 3.3 Hz. b, Charging curves of different capacitors charged to 2 V with a 

3-panel FTENG through a rectifier at a working frequency of 2 Hz. 

 

Supplementary Figure 5-13. Charging stability of the FTENG on different capacitors. 

a,b, Charging curves of a 3-panel FTENG in charging a 20 µF (a) and 242 µF (b) capacitor 

under a working frequency of 1.5 Hz. 
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Supplementary Figure 5-14. Fabrication process of the microfluidic sensor patch. 

a, Patterning of Au/Cr electrodes using photolithography, electron-beam evaporation and 

lift -off process on a PET substrate. b, Patterning insulating layer via Parylene C deposition, 

photolithography and oxygen plasma etching. c, Modifying working electrode and 

reference electrode through electrodeposition and drop casting. d, Patterning laser-

patterned medical tape. e, Patterning the microfluidic channels in the PDMS layer. f, 

Assembling medical tape with fluid inlets to form the microfluidic sensor patch. 

 

Supplementary Figure 5-15. Selectivity study of the biosensor array. a,b, Selectivity 

study of a pH sensor (a) and a Na+ sensor (b) against other major electrolytes in human 

sweat. Data recording was paused while changing solutions with 30 s waiting period. 
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Supplementary Figure 5-16. Repeatability and reproducibility of the biosensor array. 

a,b, Repeatability of a pH sensor in McIlvaineôs Buffer solutions (a) and a Na+ sensor in 

NaCl solutions (b). c,d, Reproducibility of pH sensors (c) and Na+ sensors (d) (n=6). 
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Supplementary Figure 5-17. Stability of the biosensor array. a, Response stability 

of a pH sensor and a Na+ sensor in a 100 mM NaCl solution for 3 h. b,c, Long-term stability 

of pH sensors (b) and Na+ sensors (c) after 6 weeks of storage. Error bars represent the 

standard deviation from 6 sensors. 

 

Supplementary Figure 5-18. Dependence of biosensor array on temperature. 

 

Supplementary Figure 5-19. Schematic of microfluidic design. a, Optical image of a 

microfluidic sweat sensor patch. Scale bar, 5 mm. b, Sweat flow in laser-engraved 

microfluidic channels. c, Cross-section view of layout and operation of microfluidic sweat 

sensor patch. M-tape, medical tape. Photo credit: Yu Song, California Institute of 

Technology. 
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Supplementary Figure 5-20. Schematic and list of components of the flexible 

circuitry.  
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Supplementary Figure 5-21. Circuit diagram of power management, sensor interface, 

and BLE PSoC modules. 

 

Supplementary Figure 5-22. Long-term stability of FWS3. a,b, Charging curves of 

the capacitor when an FWS3 operates under a working frequency of 1.5 Hz before 

(a) and after 1 month (b). 


































































































































































































































