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Abstract 

A promising non-invasive diagnostic technique, sweat-based biosensing provides real-time monitoring of important 

indicators linked to disease, stress, hydration, and metabolic health. Sweat biosensors, which use wearable technology, 

offer a continuous and painless alternative to conventional blood-based testing for physiological evaluation. With a 

focus on developments in electrochemical, optical, colorimetric, and microfluidic sensors, this overview examines the 

development of sweat biosensing technologies. It talks about how to improve sensor accuracy and usefulness by 

combining wireless data transmission, artificial intelligence, and multi-analyte detection methods. The study looks at 

the various uses of sweat biosensors in sports science, mental health monitoring, and personalized medicine. Clinical 

adoption is still significantly hampered by issues including sweat rate fluctuation, sensor calibration, and ambient 

factors, despite their potential. For the next generation of wearable biosensors, future research will concentrate on 

enhancing sensor stability, data processing algorithms, and sustainable materials. The goal of this thorough analysis 

is to shed light on the most recent developments, emerging trends, and potential applications of sweat-based biosensing 

in biomedical research and customized healthcare. 
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1. Introduction  

In biomedical engineering, sweat-based biosensing is a quickly expanding sector that provides a non-invasive 

substitute for conventional blood-based diagnostics. By analyzing molecular markers in perspiration, these sensors 

track health status in real time and offer important information on metabolic activity, stress, disease, and hydration 

levels. Sweat biosensors are perfect for continuous health monitoring because they can be easily included into 

wearable technology, unlike traditional diagnostic techniques that call for needles or intrusive sampling [1]. The 

precision and efficiency of these sensors have been greatly increased by recent developments in nanotechnology, 

microfluidics, and flexible electronics, opening up new applications in illness diagnosis, sports science, and 

customized medicine [24]. The abundance of indicators found in sweat, including as proteins, hormones, metabolites, 
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and electrolytes, makes it a desirable biofluid for diagnostic applications. Sweat glucose levels may be a possible 

indicator for diabetes monitoring, whereas important analytes including salt, potassium, and chloride offer information 

about electrolyte balance and hydration [2].  

Lactate, which is connected to metabolic activity and muscular tiredness, and cortisol, a hormone linked to stress and 

adrenal health, are additional significant biomarkers. Sweat also contains certain proteins that may reveal the existence 

of hereditary illnesses such cystic fibrosis, as well as urea and creatinine, which can provide information on kidney 

function. Sweat biosensors come in a variety of forms, which are grouped according to how they detect things.  

Electrochemical sensors provide extremely sensitive biomarker detection by measuring ion concentrations and 

enzymatic reactions using electrodes [3].  Contrarily, colorimetric sensors undergo color changes in response to certain 

analytes, making visual interpretation simple.  While microfluidic sensors are made to effectively capture and transfer 

perspiration for in-depth biochemical research, optical sensors use fluorescence or light absorption techniques for 

accurate biomolecule measurement.  In order to improve sensitivity and accuracy, many contemporary biosensors use 

hybrid methodologies, which combine many detection techniques [4]. 

Real-time health monitoring has been transformed by the creation of wearable sweat sensors. Skin-interfaced sensors, 

wristbands, and smart patches can wirelessly provide data to mobile apps for immediate analysis and continuously 

monitor physiological indicators. Sweat biosensing's prediction capacities have been further improved by the use of 

artificial intelligence (AI) and machine learning, which enables the early diagnosis of health abnormalities [5]. 

Furthermore, the use of sustainable and biodegradable materials has resulted from research into environmentally 

friendly biosensors, lowering the devices' environmental effect without sacrificing their dependability and efficiency. 

There are numerous uses for sweat-based biosensors in sports, healthcare, and scientific research [25]. These sensors 

lessen the need for frequent blood tests in personalized medicine by enabling continuous monitoring of chronic 

illnesses like diabetes and kidney disease[6]. They assist athletes in maximizing their electrolyte balance, hydration, 

and physical performance in sports and fitness. Cortisol sensors in mental health monitoring offer important 

information about stress and anxiety levels, enabling early intervention. Furthermore, as sweat can be used as a 

medium for the non-invasive detection of illegal chemicals, applications in forensics and drug testing are being 

investigated [7][8]. 

Sweat biosensors have potential, but there are a number of issues that must be resolved before they can be widely used 

in clinical settings. Individual differences in sweat secretion rates are a significant constraint that may impact sensor 

performance. Sweat composition can also be influenced by environmental elements including temperature, humidity, 

and physical exertion; therefore, accurate calibration methods are necessary [9]. Furthermore, thorough validation and 

regulatory approval are needed before sweat biosensors may be incorporated into standardized healthcare systems. To 

fully utilize sweat biosensing for non-invasive, real-time health monitoring, these obstacles must be overcome. As 

wearable biosensing research continues to advance, sweat-based diagnostics appears to have a bright future [26]. The 

broad use of these technologies in the healthcare and wellness sectors is anticipated to be fueled by developments in 

multi-analyte detection, AI-driven data interpretation, and enhanced sensor longevity. Sweat-based biosensors are set 

to revolutionize preventive healthcare and customized medicine by offering real-time, continuous, non-invasive 

insights into human physiology [10]. 

2. Types of Sweat Biosensors 

Electrochemical Sensors 

Electrochemical sensors are among the most widely used sweat biosensors because of their high sensitivity, fast 

response time, and ability to detect a wide variety of analytes. Electrodes are used in these sensors to measure electrical 

signals produced by sweat's metabolic processes. Usually, they use amperometric, potentiometric, or enzymatic 

detection methods. For example, enzyme-coated electrodes are used in enzymatic electrochemical sensors, which 
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produce an electrical current proportional to the concentration of particular metabolites, such as lactate or glucose 

[11]. Potentiometric sensors detect ion concentrations, including sodium and potassium levels, by measuring the 

potential difference between two electrodes. These sensors are commonly included into wearable technology, such 

smart patches and wristbands, which eliminates the need for intrusive blood collection and enables continuous, real-

time physiological parameter monitoring [12]. 

Colorimetric Sensors 

Colorimetric sensors, which rely on discernible color changes in response to target biomarkers, provide a 

straightforward and affordable sweat analysis approach. Chemical reagents in these sensors react with particular 

analytes in perspiration to produce a noticeable color shift that may be seen with the unaided eye or measured with a 

smartphone camera [13]. For rapid and simple evaluations of hydration, metabolic health, or exercise performance, 

colorimetric strips, for instance, can be used to measure the pH, glucose, or lactate in perspiration. Although these 

sensors are easy to use and don't need complicated electrical parts, they may not be as accurate or precise as 

electrochemical or optical sensors. But new developments in nanomaterials and smartphone-based imaging methods 

are increasing their dependability and broadening their use in sports and medical monitoring [14]. 

Optical Sensors 

Sweat composition is examined by optical sweat biosensors using light-based detection techniques such surface 

plasmon resonance, absorbance, or fluorescence. By using label-free detection methods or light-emitting materials, 

these sensors can detect biomarkers with high sensitivity and specificity [15]. For example, fluorescent sensors employ 

dye molecules that release light in response to particular biomolecules, allowing for accurate measurement of cortisol, 

lactate, or glucose. Conversely, surface plasmon resonance sensors pick up variations in light reflection brought on 

by interactions between biomolecules on a sensor surface. In wearable technology, optical sensors are very helpful for 

continuous, high-precision monitoring. They can be made into wearable patches that use wireless communication to 

enable real-time biochemical analysis, or they can be included into smart textiles, including sweat-sensitive textiles 

[16]. 

Microfluidic Sensors 

Microfluidic sweat sensors use tiny fluidic channels to effectively collect, process, and analyze sweat samples. By 

guiding sweat flow through carefully designed microchannels, these sensors improve sample collection by reducing 

contamination and evaporation. To test several analytes at once, some microfluidic devices combine several detection 

techniques, such as colorimetric and electrochemical sensing [17]. Because microfluidic biosensors maximize sweat 

collection and enhance sensor stability, they are particularly helpful for extended monitoring in those with low sweat 

rates. Skin-conformal microfluidic sensors, which stick directly to the skin and continuously measure the makeup of 

perspiration without interfering with natural sweat secretion, are the result of recent developments in flexible and 

biocompatible materials. Microfluidic sweat sensors are now a potential tool for individualized diagnostics and non-

invasive health monitoring because to these advancements [18]. 

Hybrid and Smart Biosensors 

Researchers are creating hybrid sweat biosensors, which combine several detecting techniques into a single device, in 

response to the growing need for multifunctional and real-time health monitoring. These sensors improve sensitivity, 

specificity, and usability by combining electrochemical, optical, and microfluidic technology [27]. To give 

individualized health insights, smart biosensors also integrate cloud-based data processing, wireless networking, and 

artificial intelligence [19]. These cutting-edge devices are useful tools for athletes, patients with chronic diseases, and 

others trying to maximize their health and performance since they allow for continuous monitoring of hydration levels, 

electrolyte balance, metabolic function, and stress reactions. It is anticipated that future advancements in eco-friendly 
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materials, AI-driven analytics, and nanotechnology will further transform sweat biosensing and establish it as a 

standard wearable health technology tool [20]. 

3. Sweat-Based Biosensing Research 

The possibility for non-invasive health monitoring has drawn a lot of attention to the subject of sweat-based biosensing 

in recent years. Conventional diagnostic techniques rely on blood-based assays, which may not offer continuous 

monitoring and, despite their accuracy, require intrusive procedures. As a substitute biofluid, sweat provides a wealth 

of indicators that can be examined for metabolic tracking, disease detection, and individualized treatment [21]. While 

recent developments have investigated wearable sensor technologies, signal processing, and artificial intelligence for 

real-time analysis, early research concentrated on comprehending sweat composition and its relationship with blood 

biomarkers. The development of sweat biosensors, the underlying technology, and current application trends are 

covered in this review of the literature [22]. 

The 1950s saw the beginning of research on sweat analysis, with the main goal being the use of sweat chloride 

concentration measurements to diagnose cystic fibrosis. The sweat chloride test, which is still the gold standard for 

diagnosis today, was created after scientists found that elevated levels of chloride in perspiration were suggestive of 

the illness [22]. In the decades that followed, scientists looked more closely at other sweat biomarkers, including 

cortisol, glucose, lactate, and urea, to see if they could be used to treat metabolic and stress-related conditions. 

However, early sweat collection and analysis techniques were laborious and required laboratory-based assays, which 

limited their applicability in real-time [23]. 

Author(s) 

& Year 

Sensor Type Target 

Biomarker 

Technology Used Application Key Findings 

Gao et al., 

2016 [1] 

Electrochemical Glucose, 

Lactate 

Enzymatic 

biosensor with 

wireless 

transmission 

Non-invasive 

glucose & lactate 

monitoring 

Real-time sweat 

analysis with 

high sensitivity 

Rogers et 

al., 2016 

[2] 

Microfluidic Sodium, 

Potassium, 

pH 

Skin-interfaced 

microfluidic patch 

Hydration & 

electrolyte 

balance 

monitoring 

Improved sweat 

collection and 

evaporation 

control 

Koh et al., 

2018 [4] 

Colorimetric pH Colorimetric 

reaction with 

smartphone 

analysis 

Rapid pH 

assessment for 

hydration 

tracking 

Cost-effective 

and easy-to-use 

wearable patches 

Yetisen et 

al., 2020 

[5] 

Optical Cortisol, 

Lactate 

Fluorescent 

biosensing 

Stress monitoring 

& metabolic 

tracking 

High specificity 

but requires 

external light 

source 

Kim et al., 

2019 [3] 

Electrochemical Glucose Graphene-based 

enzyme electrodes 

Diabetes 

management 

Enhanced 

sensitivity with 

nanomaterials 
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Mahato et 

al., 2021 

[6] 

Electrochemical Creatinine, 

Urea 

Nanostructured 

enzyme-based 

electrodes 

Kidney function 

assessment 

Improved 

selectivity & 

reduced 

interference 

Liu et al., 

2022 [7] 

Microfluidic Hybrid Glucose, 

Lactate, 

Sodium 

Flexible 

microfluidic + 

electrochemical & 

colorimetric 

sensing 

Multi-analyte 

health monitoring 

Enhanced 

stability & sweat 

sample control 

Lee et al., 

2023 [8] 

Hybrid Multiple 

(Glucose, 

pH, Sodium) 

Integrated 

electrochemical, 

optical & 

microfluidic system 

Comprehensive 

real-time health 

tracking 

Multi-modal 

sensing improves 

accuracy 

Heikenfeld 

et al., 2021 

[9] 

AI-driven Glucose Machine learning-

based sweat-to-

blood correlation 

AI-powered 

diabetes 

monitoring 

Improved non-

invasive 

prediction of 

blood glucose 

levels 

Jang et al., 

2023 [10] 

Sweat Stimulation Sodium, 

Lactate 

Iontophoresis-

based sweat 

induction 

Overcoming low 

sweat rates for 

diagnostics 

Controlled sweat 

generation for 

reliable sensing 

 

Table.1. Applications of Sweat Biosensors in Various Health Monitoring 

Sweat biosensing has advanced dramatically, employing a range of sensor technologies to monitor health without 

intrusive procedures. Real-time diabetes monitoring is made possible by electrochemical sensors that use enzymatic 

biosensors to detect glucose and lactate (Gao et al., 2016). While Mahato et al. (2021) created nanostructured enzyme-

based sensors for creatinine and urea detection, which aid in kidney function assessment, graphene-based electrodes 

(Kim et al., 2019) improve electron transport and increase sensitivity for glucose detection. For electrolyte monitoring, 

microfluidic patches (Rogers et al., 2016) enhanced sweat sample collection and evaporation management. By 

combining colorimetric, electrochemical, and microfluidic sensing, Liu et al. (2022) made multi-analyte detection 

possible for more comprehensive health evaluations. A fluorescence-based optical sensor for cortisol and lactate was 

created by Yetisen et al. (2020), which improved stress monitoring, while colorimetric sensors, such those produced 

by Koh et al. (2018), offer a straightforward and affordable pH detection approach through color changes. Multiple 

detection techniques are integrated by hybrid sensors (Lee et al., 2023), improving the accuracy of real-time health 

tracking.  

AI-powered sensors enhance the relationship between blood glucose and perspiration, improving non-invasive 

diabetes detection (Heikenfeld et al., 2021). Smart and wireless biosensors improve data processing, enabling 

individualized health insights and remote health monitoring. The problem of sweat rate variability persists, leading to 

treatments such as sweat stimulation based on iontophoresis (Jang et al., 2023). For increased accuracy and usefulness, 

future biosensors will incorporate cutting-edge materials, artificial intelligence algorithms, and wireless 

communication. Sweat biosensors are now practical for metabolic monitoring, hydration tracking, and illness 
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diagnosis thanks to these developments. Sweat biosensing has enormous potential for wearable healthcare, propelling 

advancements in digital health technology despite obstacles [28]. 

Advancements in Sweat Collection and Wearable Technologies 

The development of microfluidic technology in the early 2000s significantly improved sweat collection techniques. 

Rogers et al. (2016) introduced a skin-interfaced microfluidic patch, which allowed for efficient sweat collection and 

on-site biomarker analysis. These patches enabled continuous sweat sampling, overcoming the challenges associated 

with low sweat rates and evaporation. Concurrently, researchers explored electrochemical biosensing techniques to 

enable real-time biomarker detection. Gao et al. (2016) developed a wearable sweat sensor for glucose and lactate 

monitoring, which integrated enzymatic electrochemical detection with wireless data transmission. This study laid the 

foundation for the next generation of wearable sweat biosensors, which focused on improving sensor stability, 

miniaturization, and multi-analyte detection capabilities [29].  While electrochemical sensors enable very precise 

detection, optical and colorimetric sensors offer simpler, cost-effective alternatives for sweat analysis. Koh et al. 

(2018) created a colorimetric pH sensor, which changed color in response to sweat acidity, enabling quick hydration 

measurement. Yetisen et al. (2020) made another significant advancement in optical sensing by introducing wearable 

sweat sensors based on fluorescence that can detect many analytes at once. These optical sensors use their fluorescence 

and light absorption capabilities to identify biomolecules with a high degree of selectivity. Nonetheless, a significant 

drawback of optical biosensors is their dependence on external light sources and smartphone imaging, which can 

compromise accuracy in various environmental settings. 

Real-Time Monitoring and Artificial Intelligence 

Due to their capacity to regulate and control sweat flow, microfluidic sweat sensors have become more and more 

common, guaranteeing reliable sample collection and analysis. Liu et al. (2022) created a flexible microfluidic patch 

that combined colorimetric and electrochemical sensors to continuously measure sodium, lactate, and glucose levels. 

By lowering evaporation and external contamination, the study showed how microfluidics could improve sensor 

stability and dependability [30]. Another interesting approach to multi-analyte sensing is the use of hybrid sweat 

sensors, which combine many detection methods. Electrochemical, optical, and microfluidic systems have been 

combined into a single patch in recent research, such as Lee et al. (2023) [8], greatly enhancing sensor sensitivity, 

accuracy, and usability. Researchers have concentrated on combining machine learning and artificial intelligence (AI) 

to improve real-time data interpretation as wearable sweat sensors become more and more popular. In order to improve 

non-invasive diabetes monitoring, [9] Heikenfeld et al. (2021) created a machine learning-based system that links 

changes in blood glucose levels with sweat glucose levels. By adjusting for ambient variables like temperature and 

humidity, AI-driven biosensors not only allow for individualized health tracking but also lower erroneous findings. 

Users can now remotely access and evaluate their health data in real time thanks to the field's advancements in cloud 

computing and wireless data transfer. 

Conclusion and Future Work 

A painless substitute for conventional blood testing, sweat-based biosensing has become a potent, non-invasive 

platform for real-time health monitoring. Recent developments in colorimetric, optical, electrochemical, and 

microfluidic sensors have greatly improved these devices' wearability, sensitivity, and accuracy. Sweat biosensors can 

be used for early disease identification, athletic performance monitoring, and chronic disease management because of 

the combination of artificial intelligence (AI) with wireless connectivity, which allows for personalized health 

tracking. Notwithstanding these successes, issues like fluctuating sweat rates, environmental disruptions, and a lack 

of clinical validation persist. For wider use, it is essential to guarantee sensor stability, repeatability, and multi-analyte 

detection across various populations. To make sweat sensing more widely available and environmentally friendly, 

future studies should concentrate on creating universal calibration algorithms, biodegradable sensor materials, and 

non-activity-based sweat stimulation techniques. Multimodal diagnoses may be possible by combining sweat 
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biosensors with additional biofluids (such as saliva or tears). Data interpretation for early intervention and preventative 

treatment will be significantly improved by AI and cloud-based analytics. In the end, sweat biosensors are anticipated 

to play a significant role in wearable health technology of the future, enabling connected, personalized, and preventive 

care. 
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