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Abstract

Purpose: This systematic review aims to report the evaluation of wearable biosensors for the
real-time measurement of stress and fatigue using sweat biomarkers.

Methods: A thorough search of the literature was carried out in databases such as PubMed,
Web of Science, and IEEE. A three-step approach for selecting research articles was developed
and implemented.

Results: Based on a systematic search, a total of 17 articles were included in this review.
Lactate, cortisol, glucose, and electrolytes were found as sweat biomarkers. Sweat-based
biomarkers are frequently monitored in real-time using potentiometric and amperometric
biosensors. Wearable biosensors such as an epidermal patch or a sweatband have been widely
validated in scientific literature.

Conclusions: Sweat is an important biofluid for monitoring general health, including stress
and fatigue. It is becoming increasingly common to use biosensors that can measure a wide
range of sweat biomarkers to detect fatigue during high-intensity work. Even though wearable
biosensors have been validated for monitoring various sweat biomarkers, such biomarkers can
only be used to assess stress and fatigue indirectly. In general, this study may serve as a driving
force for academics and practitioners to broaden the use of wearable biosensors for the real-
time assessment of stress and fatigue.

Keywords: Fatigue; Stress; Biomarkers; Lactate; Cortisol; Sweat analysis

1. INTRODUCTION

Stress and fatigue are common symptoms among healthy adults. According to self-reported
subjective (i.e., perceived) fatigue scores, fatigue affects 14% to 60% of the healthy population
[1]. In particular, people working in various industries, including construction, manufacturing,

and mining, are susceptible to developing stress and fatigue due to labor-intensive, physically
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demanding activities, and repetitive tasks [2]. Nearly 40% of workers in the United States have
reported experiencing significant stress and fatigue, which can have a negative effect on
workers’ safety, health status, and productivity [3,4]. Workplaces with hot and humid
conditions, long hours, and heavy workloads have been shown to exacerbate the negative
consequences of stress and fatigue [5-7], resulting in more accidents and mishaps [7]. Stress
and fatigue may lead to the development of musculoskeletal problems or increase in the risk of

fall injuries at work [8-10].

The term "fatigue" refers to a person's inability to perform at their best [11]. According to
Boksem and Tops [12] and Boksem et al. [13], mental fatigue is the result of a prolonged and
intense cognitive workload, whereas physical fatigue is the result of a prolonged and intense
physical workload [14,15]. Occupational fatigue has widely been recognized as one of the top
five health risks due to its detrimental effects on workers’ health, safety, and productivity
[16,17]. Concerns regarding workers’ safety and health have prompted an increased focus to
monitor stress and fatigue to avoid injuries and accidents in physically demanding workplaces
[18]. For this reason, workers in several industries need regular examinations and early

identification of fatigue [19-21].

Many factors contribute to the development of fatigue, including sleep deprivation, constant
mental activity with a high workload, and long periods of physical exertion [22]. Physical
exertion that lasts for a long duration can lead to fatigue, which can be felt in the peripheral
muscles and the central nervous system (CNS) [23]. Michael et al. [22] found that when
glycogen storage goes down and metabolites build up, the ionic balance of myocytes is changed.
Even though the exact way this happens is still up for debate, it is known that cytokines and/or
neurotransmitters like interleukin (IL) 1, IL-6, tumour necrosis factor (TNF), serotonin,
dopamine, and tyrosine are changed when the CNS is involved in the experience of exhaustion

[24,25]. Long-term physical activity has an impact on the autonomic nervous system (ANS),
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which causes the sympathetic nervous system (SNS) to activate and the parasympathetic
nervous system (PNS) to withdraw simultaneously [26]. Therefore, all these physiological

changes might be used as potential indicators for accurately detecting fatigue levels.

Historically, questionnaires have been widely regarded as the preferred method for assessing
fatigue due to their ease of use, cost-effectiveness, and convenience [8]. While questionnaires
were useful for understanding fatigue across different construction trades, they were not
practical for proactive real-time fatigue management because they were intrusive (i.e., they
interrupted the ongoing work) and could not be used to monitor the fatigue levels of multiple
workers at once [8]. Additionally, continuous monitoring of the level of fatigue in an accurate
and unobtrusive manner is important for the early detection and management of fatigue.
Therefore, researchers have employed more objective, accurate, and non-invasive procedures
because of the limitations of existing methods. At present, wearable sensing technologies are
employed to detect early indications of fatigue through the analysis of changes in individuals'
physiological responses [27,28]. Electroencephalogram (EEG), heart rate (HR), and
electromyogram (EMG) measurements are used to measure activity in the brain, heart, and
muscles, respectively [27,28]. The application of physiological signals as markers of fatigue
enables the objective and immediate assessment of fatigue on an individual basis [29-31].
However, the identification of unconventional conditions is a complex task due to the
fluctuation of physiological markers in reaction to fatigue and stressful situations, which can
vary among individuals or even within individuals [32]. While humans possess a limited degree
of control over their physiological signals, several factors such as environmental settings,
emotions, and pathophysiological illnesses might influence these signals. The existing
knowledge about the accuracy and reliability of fatigue detection and prediction based on

physiological signals, especially in real-world situations, lacks conclusive findings [33].
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More recently, chemical biomarkers have been considered as the gold standard for fatigue
monitoring among the various approaches because of their precision and objectivity [34].
Construction workers, on the one hand, are frequently exposed to unique work environments
that necessitate physically demanding and significant mental effort to complete work tasks,
while on the other hand, athletes and sports people are involved in task-specific physical loads.
It is possible that in this case, the underlying metabolic changes are rather distinct. In the past,
the utilization of chemical biomarkers in real-time fatigue monitoring applications was limited
due to the necessity of obtaining blood samples and conducting laboratory analysis [35].
Technological advancements have made non-invasive tests such as saliva and sweat analysis
possible [36]. These measurements can also assess changes in biochemical profiles over time.
Numerous chemical biomarkers, such as lactate, cortisol, pH, potassium, sodium, and blood
glucose concentrations in sweat, could be investigated to determine the development of fatigue
[37]. For instance, lactate was utilized in a prior study to demonstrate that continuous physical
work results in a rise in the body's lactic acid content, which may contribute to feelings of
fatigue [38]. Similarly, it has been discovered that mental fatigue is directly related to cortisol
levels [39]. Furthermore, pH, potassium, sodium, and glucose levels are associated with a rise
in lactic acid [34], hyper/hypokalemia, energy loss [40], drowsiness, irritability, and muscle
cramps [41]. Despite the considerable advancements made in wearable biosensor technology
in recent years, understanding the potential applications of these technologies to assess sweat-
based biomarkers for monitoring fatigue and stress are still in its infancy. Additionally,
systematic investigation of sweat biomarkers by using wearable biosensors to evaluate stress
and fatigue is scarce. Furthermore, it is imperative to examine sweat-based biomarkers using
wearable biosensors to monitor stress and fatigue. This approach is crucial due to its non-
intrusive characteristics, ability to provide real-time monitoring, objective evaluation,
comprehensive understanding, potential for tailored interventions, and early identification and

prevention of stress-related illness. Therefore, this systematic review aims to fill these
5
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knowledge gaps by summarizing the findings of an evaluation of wearable biosensors for real-
time monitoring of stress and fatigue by utilizing sweat biomarkers. This review makes an
important contribution to the advancement of research, healthcare, and methods for effectively
managing well-being among individuals who are experiencing fatigue and stress. This review
identified three research questions. First, what are the sweat-based biomarkers that can be used
to measure stress and fatigue? Secondly, what is the status of sweat-based biosensors for
detecting stress and fatigue-related biomarkers? Third, how are biomarkers being measured in

wearable biosensors?

2. METHODS

The current review methods comprise of three major steps: literature search, literature
selection, and literature coding. A similar review of how to use wearable sensing technology
to improve safety management in the construction industry led to the three-step method [8].
2.1.  Literature Search

This review conducted a systematic search for relevant articles, critically appraised the
applications and features of several wearable biosensors and summarized the properties of
several sweat biomarkers for stress and fatigue measurement. Three electronic databases were
searched from their origin until June 15, 2022. The search was conducted using the primary
keywords (biomarkers, sweat, wearable biosensors, fatigue, and stress) as well as their
derivatives. This systematic review was conducted using the PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses) protocol [42]. The search strategies
employed in this review are summarized in Table 1. The Web of Science was searched across
all the subscription resources using the same set of search fields (e.g., topic search) to obtain
the most comprehensive possible results. The primary search terms were put together using the
AND operator so that a combined search could be done.

2.2. Literature selection
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At this stage, we assess the titles and abstracts of the available publications. Articles that
may be eligible must have been published prior to June 15, 2022. Additionally, the articles
must be geared towards identifying fatigue or stress biomarkers in sweat. A full description of
the sensors, their characteristics, and their suitability for use with human sweat must be
provided. Finally, only journal articles written in English were included. Following that, we

analyzed the full texts of all potentially relevant articles.

2.3. Literature coding and data extraction

The title, keywords, and abstract were the primary sources for coding an article in this
review. Additionally, the full-text articles were examined for additional coding and data
extraction. The coding of the literature was mostly concentrated on the parts of research
methodology and conclusions. Each of the collected articles were coded to examine the
research questions. During the coding process, the following key data points were extracted
from each article and formatted in our database: citations, publishers, biomarkers, subject
characteristics, types of sensors, types of wearables, and time taken to begin recording. The
total citations of all included articles were also calculated based on their citations. The Web of
Science Core Collection search tool and the Google Scholar search engine were used to
determine the number of citations.

3. RESULTS

A preliminary search of electronic databases yielded 131 bibliometric records. Thirty-three
documents were eliminated due to duplicates, bringing the total to 98. Another 17 articles were
omitted because they were not related to human research, and two more articles were omitted
because they were not written in English. The remaining 79 articles were further analyzed, and
32 unrelated articles were removed. A total of 47 articles remained for full-text examination.

Another 30 articles were omitted from this review because they had no relevance to the primary
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goal of this study. As a result, the current review comprises a total of 17 journal articles. The

complete selection algorithm is illustrated in Figure 1.

& Studies identified through electronic
:E database searching (n = 131)
z |
kT Duplicate Studies excluded
S 1 (n = 33)
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Objective not related (n = 8)
T Publication type (n = 19)
g Qutcome variables (n = 3)
©
| =

Studies included in final
analysis (n = 17)

Figure 1. Study selection process and results of the literature search (PRISMA flow

chart) [Note: n = number of articles]

Detailed information about the final selected articles is provided in Table 2, including the

names of the authors and the names of the publishers, as well as information about the
8
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biomarkers evaluated, the participants and their demographics, the types of sensors and

wearables used, the time it took for the sensor to begin recording, and the number of citations.

Table 3 has a detailed list of all eligible articles, which includes the validation techniques,
experiments, findings, and conclusions of each article. Most of the included article used
laboratory trials for the validation of wearable biosensors for monitoring sweat-based
biomarkers. Most of the included articles in this review looked at the levels of sweat biomarkers

under different physiological conditions using a stationary cycling programme.

Sweat biomarkers such as lactate, cortisol, glucose, and electrolytes are commonly used for
monitoring stress and fatigue (Figure 2). Potentiometric and amperometric biosensors are
widely used to detect sweat-based biomarkers in real-time. Wearable biosensors, such as an
epidermal patch or a sweatband, have received a great deal of validation in scientific
publications. The bio-signals collected by these wearable sensors could take anywhere from 1

to 20 minutes to begin recording.

Electrolytes
42%

Cortisol
21%

Lactate
21%

mElectrolytes ®Lactate = Cortisol # Glucose mpH

Figure 2. The identified sweat-based biomarkers

9
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4. DISCUSSION

Sweat is a better alternative for biosensing than other potential biomarkers since it is readily
available and contains a variety of essential electrolytes, metabolites, amino acids, proteins,
and hormones. Sweat-based biomarkers have been discovered to have considerable promise
for stress and fatigue evaluation in the current review. This review also found that sweat-based

biosensors have become more popular in recent years to measure stress and fatigue.

4.1. Sweat biomarkers of stress and fatigue

Earlier research has concentrated on the detection of fatigue by using physiological signs,
visual tasks, and biomarkers [43]. Changes in electroencephalogram (EEG) theta (0) waves,
high-frequency (HF) EEG, pulse signals, and the ratio of low- and high-frequency components
(LF/HF ratio) are used to detect fatigue [44]. Additionally, numerous chemical biomarkers such
as creatine kinase [45], blood interleukin (IL)-8 [46], a-amylase [47], and cortisol [48] can be
used to detect fatigue. While some of these metrics have been used in clinical practice to
quantify fatigue, the majority are invasive diagnostic tests that require blood samples, and
hence, cannot be utilized for rapid, on-site, and accurate fatigue identification. When compared
to blood and urine, which can be influenced by kidneys and other causes, sweat biofluid is
more stable and easier to sample [49]. There were several research interests in sweat component
analysis for fatigue detection in China and other nations [50,51]. Using sweat as an analysis
fluid allows for non-invasive samples to be taken for both early and continuing diagnosis [52].
Depending on the analytical techniques, sweat samples, and preparation may be easier and
faster than other biological fluids, such as blood [50,51]. Raiszadeh et al. [53] reported that
sweat is a great source of chemical biomarkers because it is not very invasive and has a lot of
proteins and peptides.

4.1.1. Sweat Cortisol

10
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Cortisol has historically been known as the "stress biomarker" in the evaluation of stress-
related conditions and is secreted primarily by the adrenal glands in the stress response [54].
Chronically increased levels of cortisol can cause cognitive impairment, hyperglycemia, sleep
disturbance, hypertension, decreased immunological response, obesity, and fatigue [55].
Cortisol in sweat is thought to represent the free, unbound portion of cortisol in the blood as
well as free cortisol in the urine [56]. It has also been suggested that sweat cortisol may
represent activity in the hypothalamus, pituitary, and adrenal glands [57]. It was an enzyme-
linked immunosorbent assay (ELISA) that was the first method to be reported for analyzing
sweat cortisol [58], and since then several other methods have been reported, including high-
performance liquid chromatography coupled to mass spectrometry (HPLC-MS) [59], thin-layer
chromatography (TLC) [60], and immunosensor [61]. In another research study, liquid
chromatography with detection by tandem mass spectrometry (LC-MSMS) was used to
investigate the identification of stress biomarkers [62]. Obtaining a screening profile of stress
biomarkers in sweat samples after exercise was the goal, so that researchers could figure out
which biomarkers were most prevalent [52]. They found that the LC-MSMS in MRM-MS
mode screening profile can be used to detect or identify sweat stress biomarkers linked to
physical exercise. For instance, the concentration of cortisol in sweat increases nearly ten
times after two hours of high-intensity exercise than it does after the same amount of time spent
doing low-intensity exercise [63]. Consequently, the cortisol concentration in sweat was found
to be 10.47 mol/cm?®, which is within the ideal range for cortisol concentration in sweat [64].
Furthermore, Torrente-Rodriguez et al. [65] discovered significantly higher sweat cortisol
levels after 50 minutes of physical activity compared to those after 10 minutes of physical
activity in response to a physiological stressor.

Practical implications of these findings may include physical workloads, where it is still

important to have biomarkers for assessment and measurements of workload-induced stress,

11
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which may result in injuries. For example, in the construction sector, stress can have a negative
impact on the health and performance of the workers. However, the composition of sweat
samples collected during rest and exercise should be compared to identify the biomarkers that
should be used in the context of exercise-induced stress [52]. Therefore, to ensure a proper
sweat analysis, procedures and analytical instruments must be selected in accordance with the
biomarkers to be determined [52]. One of the most significant advantages of employing MSMS
is the ability to detect several biomarkers in a single run [52]. However, from a clinical
perspective, it is still a time-consuming and expensive approach to use. Therefore, sweat-based
wearable biosensors may be a viable option for overcoming these drawbacks.

The importance of sweat cortisol is found in its possible application for the management of
stress and fatigue. For instance, cortisol can serve as a biomarker in relation to stress [66]. By
monitoring the amounts of cortisol present in sweat, significant insights can be gained
regarding an individual's response to stress. Through the analysis of variations in cortisol levels,
individuals can get a more thorough understanding of their stress patterns and discover the
factors that lead to stress [67]. This information has the potential to facilitate the development
of individualized stress management methods and interventions. Moreover, there exists a
correlation between cortisol levels and the regulation of fatigue and energy [68]. Abnormal
cortisol levels, whether excessively high or insufficiently low, can potentially lead to the
development of fatigue and burnout [69]. The monitoring of sweat cortisol levels has the
potential to offer a non-invasive and easy approach for evaluating fatigue levels and detecting
fatigue patterns over the course of a day [70]. This information can be utilized to enhance
strategies for rest and rehabilitation, enhance productivity, and mitigate the risk of chronic
fatigue. In a similar vein, the monitoring of cortisol levels in sweat has promised to
facilitate individualized treatments aimed at managing stress and fatigue [71]. Through the

monitoring of cortisol levels, individuals could ascertain the efficacy of various stress reduction

12
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approaches, including exercise, meditation, and relaxation strategies [72]. The presence of this
feedback loop enables individuals to make informed decisions regarding the most effective
interventions for their specific needs and subsequently adapt their methods accordingly [72].
Moreover, the monitoring of cortisol levels in sweat could potentially have substantial
ramifications for the field of occupational health and safety [70]. Real-time monitoring of
cortisol levels could be advantageous for individuals employed in high-stress occupations, such
as construction workers, since it may aid in stress management and fatigue prevention [73].
This information can be utilized by construction managers to effectively execute remedies and
establish work conditions that promote improved health and well-being. Notwithstanding the
prospective applications, it is imperative to acknowledge that the measurement of cortisol in
sweat is still a developing area, necessitating additional research to ascertain its reliability,
precision, and standardization. Ongoing studies and developments in technology will play a
crucial role in fully utilizing sweat cortisol monitoring to enhance well-being and overall health.

4.1.2. Sweat Lactate (sLa)

Several studies have explored the elements of sweat to determine if they can reflect the
physiological state of individuals [74,75]. The determination of lactate in sweat has several
clinical uses that are currently being explored [76]. One early notion was that because lactate
is a result of anaerobic metabolism, it may be utilized to monitor parameters such as physical
performance or limit oxygen levels [77]. It was stated that the assessment of sweat lactate
would provide a non-invasive alternative to blood lactate measurements [74]. However, it
appears that there is a very poor association between blood and sweat lactate levels due to a
lack of physical exertion [78]. There are also certain advantages to using sweat lactate (sLa)
measurement over other methods, such as its ease of use, non-invasiveness, and ability to
measure continuously. New information can be gained from continuous monitoring of sweat

gland activity by using an algorithm known as the sLa curve [79], even though some

13
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researchers have concluded that it only provides information about sweat gland metabolism
and does not provide insight into the clinical use of sLa [74,80]. Several studies have
demonstrated that sLa output decreases in participants when they become acclimated to heat,
as well as that sLa output increases in arm sweat after the arm has been occluded [81,82]. It
was discovered that sweat and blood lactate were unrelated during physical exercise when the
authors compared the content of arm-bag sweat to the composition of whole-body sweat
[81,82]. They also explored how sweat lactate is formed and its relationship to skin temperature,
sweat rate, and sweat duration [81,82]. It has been previously discovered that when sweating
begins, lactate is liberated from the epidermis [83]. As the resistance to cycling exercise
increases, the sweat-lactate concentration increases as well, demonstrating a relationship
between physical exertion, heart rate, and, after a physiologic time delay, lactate formation
during the experiment [83]. When exercising at moderate intensity, the concentration of lactate
was shown to be substantially higher than when resting (p < 0.05) [78]. This is because (a)
exercise produces anaerobic metabolism, which results in the formation of lactate in sweat, and
(b) activity generates a larger sweat release, which generates more lactate [78]. More recently,
Huang et al. [84], on the other hand, found that as sweat rate increased, lactate levels fell
progressively during exercise due to the dilution effect [40, 85]. As a result, sweat seems to be

the best biofluid for assessing lactate.

The assessment of sweat lactate, which refers to the quantification of lactate concentrations
in sweat, has garnered significant interest in recent years as a prospective means of monitoring
and addressing stress and fatigue [86]. There exists a positive correlation between sweat lactate
levels and bodily responses that are commonly linked with stress and fatigue [87]. During
instances characterized by heightened stress or fatigue, the body's energy requirements are
elevated, resulting in an augmented production of lactate [88]. Monitoring of sweat lactate

levels can yield empirical data regarding the physiological response of the body to certain

14
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conditions [89,90]. This enables individuals to recognize situations characterized by increased
stress or fatigue and afterwards adopt optimal techniques to address these circumstances
[89,90]. For instance, in cases where individuals routinely exhibit heightened lactate levels
during activities or at specific times of the day, they may consider adjusting their routines or
employing stress-reduction approaches to effectively regulate their energy levels. The study of
lactate levels in sweat can also provide significant insights for people engaged in physical
performance, including those in occupations such as the construction industry [89,90]. Lactate
has been found to be closely related to the initiation of fatigue during intense physical activity,
and the monitoring of lactate levels in sweat can be utilized to enhance the efficiency of work
intensity and mitigate the risk of excessive fatigue [91]. By comprehending the dynamics of
lactate during physically strenuous construction jobs, workers could modify the intensity and
duration of their workload to optimize performance and mitigate the likelihood of injuries or
excessive fatigue. Given the possible applications mentioned, it is crucial to acknowledge that
the analysis of sweat lactate remains an expanding field of study, necessitating further research

to comprehensively explain its clinical usefulness and build widely accepted procedures.

4.1.3. Sweat Glucose

Controlling fatigue levels requires constant monitoring of glucose levels [92]. The amount
of glucose in human sweat ranges from 10 to 200 uM [93], and studies have investigated the
association between sweat glucose and blood glucose levels [94,95]. It was revealed that the
transit of sweat glucose and critical electrolyte concentrations were like those in the blood [96].
Sweat obtained using iontophoresis has also been proven to contain glucose levels that are
comparable to those found in the blood [97]. According to a more recent study, Huang et al.
[84] discovered that when perspiration rate rose, glucose levels decreased gradually during

exercise because of the diluting effect [40,85]. Developing biosensors that can reliably measure
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analytes like glucose, which alter health status when exercising, require knowledge of lag
periods and transport Kinetics [34].

The importance of sweat glucose monitoring relies on its prospective applications for the
management of stress and fatigue. The influence of stress on glucose metabolism is substantial
[98]. In instances of heightened stress, the human body initiates the release of stress hormones
such as cortisol, thereby potentially elevating the levels of glucose in the bloodstream [99]. The
monitoring of sweat glucose levels has the potential to yield significant insights into the
physiological reaction to stress, thereby empowering individuals to enhance their stress
identification and management strategies. By monitoring sweat glucose levels, individuals can
enhance their comprehension of the relationship between stress and glucose levels, enabling
them to adopt proactive strategies to alleviate its influence [100]. Furthermore, fatigue can
serve as both a precipitating factor and a manifestation of abnormal glucose levels [101].
Variations in blood glucose levels can result in diminished levels of energy and heightened
fatigue [88]. Through the monitoring of sweat glucose levels, individuals could acquire
valuable insights into their glucose patterns, enabling them to detect potential causes of fatigue
[100]. Effective management of stress and fatigue plays a pivotal role in enhancing the
productivity of construction workers. The utilization of sweat glucose monitoring has the
potential to offer immediate and continuous input regarding glucose levels in the context of
construction tasks. This information can facilitate workers' comprehension of the physiological
responses of their bodies to various task intensities, durations, and rest-break techniques. By
adjusting their task schedule according to sweat glucose data, workers would have the potential
to improve their productivity and reduce the risk of overexertion or injuries.

4.1.4. Other Sweat Biomarkers
In sweat, electrolytes such as sodium (Na), chloride (CI), potassium (K+), and ammonia

(NH4+) are abundant. Maintaining electrolyte balance necessitates replenishing Na+ and Cl—
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levels following a period of high-intensity exercise [102, 103]. Sweating rate and concentration
(Na+) influence total Na+ loss from sweat [102]. Hence, calculating sweat Na+ loss is critical
for speeding up fatigue recovery and reducing soft tissue damage caused by dehydration [104].
Sweating rate and total body sweating loss can be calculated using the equations published
elsewhere [102]. Additionally, Baker and colleagues [105] devised a methodology to quantify
the Na+ content in sweat from the forearm using absorbent patches taken from the forearm.
Based on their findings, Matzeu et al. [106] hypothesized that athletes’ "over time sodium
profiles” could be generated by monitoring changes in Na+ levels as sweat made its way into
contact with the sensor.

Given that ammonium is formed in the blood because of the breakdown of proteins [107],
measuring plasma ammonium levels can provide extremely valuable physiological information
[108]. For example, during exercise, the concentration of ammonium changes when the body
transitions from aerobic to an anaerobic state [109]. However, ammonium in plasma can only
be monitored by taking blood samples, which is a major drawback when exercising or engaging
in other physical activity [108]. Several studies have shown that ammonium concentrations in
sweat can be strongly associated with ammonium levels in plasma [110, 111], which is why
sweating is a good way to monitor ammonium levels. Czarnowski and colleagues [111]
investigated the association between ammonia levels in plasma and ammonium concentrations
in sweat. They believe that ammonia in plasma is the primary source of ammonium in sweat.
Ammonium production via sweating during physical activity such as jogging has been studied,
and the researchers concluded that the difference in nitrogen loss between the two mechanisms
was negligible [112]. It has been shown that ammonium is secreted through sweat after short-
term activity at the commencement of sweating [111]. A study by Yuan and colleagues [113]
found that a one-year training programme had a unique effect on the ammonia threshold, which

was associated with endurance time. Also, research on rugby players found that ammonium
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levels in their sweat rose significantly while they were playing the game [114]. This was also
linked to an increase in blood ammonia levels that was roughly three times greater than before.
Another study found that when a participant increases the workload after beginning to sweat,
the levels of ammonium in the sweat rise [108]. Because of this, the amount of ammonium in
sweat can be used as a biomarker. This gives very useful information in a wide range of
situations, such as when a person is switching from aerobic to anaerobic exercise or when they
are measuring their physical performance.

Likewise, muscle activity is predicted by potassium (K+) concentrations in plasma, which
can be used as a biomarker to detect muscle fatigue [115]. The electrical activity of the muscles
involved in exercise can explain the increase in K+ concentration during exercise [115]. The
rate at which K+ is excreted is directly related to the intensity of activity. To remove K+ from
the circulation, this proportional regulator, which may be a sodium-potassium pump in the
exercising muscle, is responsible [115]. The rate of absorption of extracellular K+ is related to
the pump stimulus, and the rate of extracellular accumulation in the extracellular space is
related to the rate of absorption [115]. A correlation between sweat K+ loss and the rate of
sweat flow has been established, but its underlying mechanism is still unknown and needs
additional investigation [116]. Despite this, final sweat often has a K+ that is like, albeit with
a slightly greater range (~ 2-8 mmol/L), that of blood plasma, which has been recorded [102].
To quantify and assess the intensity of the workload and the level of fatigue, the measurement
of K+ levels could be quite beneficial [34].

4.2. Sweat-based wearable biosensors

The general population is becoming interested in smartwatches [117], wearable fitness
trackers [118], and smart, at-home health services [119,120]. Photoplethysmography is one of
the most widely used techniques for measuring real-time stress and fatigue [121]. Other

techniques include heart rate variability [122], as well as respiratory signal and ECG data [123].
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These signals are linked to a stress response, but they do not generate it; rather, they represent
the physiological impact of stress and fatigue biomarkers released in the body. As a result,
biomarker detection could be a more precise means of detecting stress and fatigue. People are
working on making devices that can measure stress and fatigue more accurately by detecting
specific biomarkers of stress and fatigue. These devices will be able to provide useful, concrete
data by detecting specific stress and fatigue biomarkers accurately.

Innovative, non-invasive, sweat-based sensors for stress and fatigue biomarker monitoring
have been developed. Wearable sweat sensors have seen a tenfold rise in development and
research in the last few years [124]. Medical researchers are still attempting to find out how
biomarkers in sweat may be used to monitor our health, but their potential is undeniable [125].
The amount of several molecular markers in sweat was found comparable to the amount seen
in human blood plasma [126].

4.2.1.Biosensors for sweat cortisol

Biosensors have previously been used to assess a wide range of biomarkers such as cortisol,
dopamine, neuropeptide Y, and interleukin-6 in stress and cognition [127-129]. For the non-
invasive detection of cortisol, Parlak et al. [130] developed a multi-layered organic
electrochemical sensor. Cortisol may be detected using a combination of biomimetic polymeric
membranes and an electrochemical transistor [63,65131,132]. Cortisol levels may be
monitored by spraying artificial sweat on the forearms, and real-time testing of the device
during exercise proved its efficacy [131,132]. Using wearable sensors to examine stress and
fatigue biomarkers could provide a way to keep tabs on these issues [133]. For instance, skin
patch sensors based on porous Ultra-High Molecular Weight Polyethylene (UHMWPE)
nanomembranes have recently been introduced by Oktavius et al. [63] to detect muscle fatigue
by measuring sweat biomarkers, mainly cortisol hormone. The patch was able to detect sweat

cortisol, which is a reliable predictor of sports fatigue based on their experimental results,
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which showed that the cortisol level increases with increasing exercise intensity. In another
work, Torrente-Rodriguez et al. [65] used an integrated wireless sensing device to explore the
dynamics of the stress hormone cortisol in human sweat. Their findings showed that there is a
high link between sweat and circulating cortisol, as well as a rapid reaction to acute stress
events. From the commencement of sweat (10 minutes) through the end of the activity (50
minutes), cortisol levels in pre- and post-exercise serum samples show a strong association
[65]. The sweat hormone profiles of untrained individuals were like those reported following
high-intensity exercise [134]. The trained subject, on the other hand, shows a reduced cortisol
response because of exercise-induced adaptation [65]. According to prior research, trained
individuals may perceive the given workload as a lesser stressor and display decreased
activation in response to physical [135] and psychosocial stimuli [136]. Therefore, Torrente-
Rodriguez et al. [65] concluded that a flexible sensor array that takes advantage of laser-
induced graphene's outstanding electrochemical sensing capability allowed for highly sensitive,
selective, and efficient cortisol sensing. More recently, a flexible and wearable cortisol
aptasensor for real-time monitoring of cortisol was presented by An et al. [131]. The sensor
was found to have stable and consistent electrical features such as ohmic behavior, a transition
curve, and a signal intensity that was proportionate to the concentration. The sensitivity (10
pM) and selectivity (> 90%) of the electrode-type sensor were the most notable advantages. A
saliva-sweat association is critical for future sweat-based wearable application research
because it allows researchers to use already existing salivary biomarker knowledge [137, 138].
Consequently, saliva and sweat were compared by Wang et al. [132]. The correlation between
salivary and sweat cortisol levels was 0.73, which supports the idea that salivary and sweat

cortisol levels are related.

In contrast, most devices described in the commercial and scientific literature for real-time

stress and fatigue detection have not yet been tested in clinical trials [139]. It is important to
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make multi-modal sensors that include physiological parameters (like heart rate, sleep, and/or
skin conductivity), biochemical markers, and clinical validation in non-stationary conditions
so that stress levels can be measured accurately. This will help people get the most out of their
performance, recovery, and health. The distinction between physical and mental stress remains
an unmet medical need, as does a better understanding of the physical and mental demands

placed on individuals.

4.2.2.Biosensors for sweat lactate

Likewise, lactate concentrations in the blood closely resemble those in the sweat, which
indicates the level of physical exertion and the intensity of the exercise [140]. For example,
screen-printed lactate biosensors with three electrodes and two electrodes for ECG were used
to make a hybrid epidermal wearable device that could simultaneously monitor lactate and
heart activity at the same time [83]. A hydrophobic coating was used to improve the impedance
between the amperometric electrodes and the ECG, preventing sensor crosstalk.
Physicochemical and electrophysiological measurements were made possible with this
wearable gadget thanks to the inclusion of both types of sensors on the same piece of equipment.
The simultaneous lactate detection of the ECG had no effect, according to real-time monitoring
as compared to current wearable technologies. As the intensity of the activity grew, so did the
lactate levels record by the biosensor, which matched the estimated sweat-lactate profile.
Continuous monitoring of stress and fatigue may be substantially enhanced by converting this
device into a wearable. In another investigation, lactate was measured using a flexible and
wearable patch [79]. Sweat was transported using a microfluidic tube equipped with an array
of microneedle-type sensors (50 um in diameter). For the amperometric-based lactate sensor,
enzymes were doped and placed on top of a semipermeable copolymer membrane with an outer
polyurethane layer on top. The 180 um thick patch was attached to the skin of six healthy

volunteers before cycling and running using a double-layered adhesive. As a result of
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thermoregulation, sweating began 10-15 minutes into the warm-up phase. Exercise-induced
rises in lactate show a shift towards anaerobic metabolism. Recently, Saha et al. [78] created
an innovative sweat sampling patch that uses hydrogel discs and paper microfluidic channels
to extract sweat over an extended period. During periods of inactivity, the hydrogel disc can
collect moisture from the skin by osmosis and transmit it to the paper. Even without the
hydrogel patch, the paper can collect sweat during active sweating (e.g., exercise). Colorimetric
assays are used to measure lactate in the collected fluid. The sweat rate was connected to the
amount of lactate excreted in the sweat. High-intensity exercise improves the correlation
between sweat and blood lactate concentrations. In addition, the in-situ detection of lactate
content in human sweat was accomplished by Huang et al. [84] using a newly invented
epidermal, stretchable, self-powered biosensor. Stretchable electronics, a microfluidic system,
and biosensors work together in harmony to give the self-powered sweat sensing instrument
remarkable sweat collection and sensing accuracy even when stretched to its limits. Measuring
lactate levels in people shows that the proposed biosensor could be used for wearable sweat
sensing and healthcare monitoring, indicating the potential of the sensor.
4.2.3.Biosensors for sweat glucose

It is critical to keep an eye on blood glucose levels when exercising or doing physical work
to avoid becoming overly fatigued [92]. Abellan Llobregat et al. [141] described the
development of a sweat glucose-detecting sensor based on printable and highly stretchy
platinum (Pt)-decorated graphite. Glucose oxidase immobilized on Pt-decorated graphite was
used to monitor the reduction of hydrogen peroxide using chronoamperometry. Based on
results obtained with commercial glucose meters, this sensor worked well with human sweat
samples to show a high link between sweat glucose concentrations and blood glucose
concentrations. Sensors for glucose monitoring were printed using flexible, tattoo-based

sensors [142]. Interstitial glucose was extracted through reverse iontophoretic extraction, and
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an enzyme-based amperometric biosensor was used. Glucose and lactate can be detected using
a microfluidic epidermal device developed by Martin et al. [143]. Adhesives on both sides of
the double-sided polydimethylsiloxane layers make up the structure of the biosensor.
Microfluidic passages (inlets and outlets), as well as a reservoir for the detection process, were
contained in both layers of polydimethylsiloxane. As the wearer repeatedly deformed the
biosensor, the sweat was sent to the electrochemical sensor, and the biosensor remained
attached to the sweat pores of the skin. During a 20-minute bout of indoor cycling, the sweat
glucose levels of two healthy human individuals were monitored in real-time on their bodies.
During the continuous monitoring of the amperometric sweat glucose response from the
subjects, a rise in the current signal was seen when a sample of sweat went into and filled the
reservoir of the glucose oxidase-modified flow detector. In another study, Emaminejad et al.
[144] tested a wearable device for noninvasive glucose monitoring and real-time sweat
stimulation on a group of participants who participated in both fasting and post-glucose intake
trials. According to the wearable, oral glucose ingestion increased glucose levels in both sweat
and blood in subjects who were fasting. In addition, Huang et al. [84] used a newly designed
epidermal, stretchable, self-powered biosensor to measure glucose concentration in human
sweat in situ. In combination with stretchable electronics and a microfluidic system, biosensors
enable self-powered sweat sensing equipment to gather sweat with astonishing precision,
regardless of how far it is stretched. Based on how people measure their glucose levels, the
proposed biosensor can be used for wearable sweat sensing and healthcare monitoring.

4.2.4.Biosensors for other sweat biomarkers

Furthermore, epidermal sensors have been used to detect several electrolytes in the literature.
Bandodkar et al. [145] successfully developed and tested an epidermal tattoo potentiometric
sodium sensor for uninterrupted, noninvasive monitoring of sodium excreted in sweat. There

was no interference in analyte detection or wireless transmission using screen-printed devices,
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indicating their potential for use during physical activity [145]. The Na+ electrochemical
amperometric sensor was developed by researchers in another study, and it is characterized as
being flexible and wearable [146]. The sensor was built using a nylon-6 mat made from
multiwall carbon nanotubes (MWCNTS). To produce supramolecular complexes with sodium
ions, the MWCNTSs were functionalized with cyclo-oligomeric calixarene. After the complex
was formed, the charge carriers moved out of the layer to stop the flow of electricity. In this
way, sodium ions might be detected at the correct level in the body. Additionally, a solid-
contact ion-selective electrode and a liquid-junction-free reference electrode were used to
detect sodium in sweat [106]. To collect sweat samples, the potentiometric strips were coupled
to a passive pump via a microfluidic chip (PotMicroChip). The system was attached to a 3D-
printed enclosure that contained a miniature wireless communication system. During stationary
cycling sessions, the sodium concentrations of healthy volunteers were continuously monitored
using the gadget. It is possible to compare these results to those of current analytical procedures
using techniques like ion chromatography, atomic absorption, and commercial sodium meters
(e.g., AquaTwinTM) [106]. Similarly, it has also been designed and tested as a completely
integrated and wearable platform for the collection and analysis of sweat sodium concentration
in real-time during exercise [147]. The platform was fabricated in significant part utilizing 3D-
printing, which greatly simplifies the process of construction and operation. Because of the 3D-
printed platform, the sample storage reservoir has been increased from 0.6 to 1.3 mL, assembly
time has been reduced, and alignment and contact of the integrated solid-state ion-selective and
reference electrodes with the sorbent material have been made simple. The platform was tested
in the lab and during exercise trials, which lasted around 60 minutes with continuous
monitoring and recording. According to the findings, the sodium content in sweat increased
first to roughly 17 mM and then decreased progressively throughout the trial to approximately

11-12 mM. Also recently created by Alizadeh and colleagues [148], a wireless sweat
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monitoring device provides a unique combination of user comfort, good accuracy, and
continuous, non-obtrusive sweat electrolyte monitoring over an extended period of time. This
system is composed of two modules: a disposable sensor/microfluidics module that is
extremely flexible and a reusable electronics module that is durable. This makes it extremely
adaptable and suitable for continuous Na+ and K+ measurement in sports or other
physiological applications. Researchers have also used a fluorometric technique to detect Na+
and Cl— from excrine sweat collected in a wearable microfluidic system with an imaging
module for smartphones [149]. A smartphone equipped with an optics module observed
variations in fluorescence excitation intensity as a result of the interaction of the microreservoir
probes with the specific ions. For human participants engaged in physical activity, the ion
concentrations measured with this platform were identical to those obtained using more
standard laboratory procedures like ion chromatography for Cl— and atomic absorption for
Na+. It is possible that microfluidics, rather than the current sweat patches, could provide
significant advantages in measuring sweat rate and hydration levels. Additionally, a wearable
sweat analysis platform was developed by Emaminejad et al. [144], which included an
electrochemically improved iontophoresis interface that was integrated with the platform. A
variety of secretion profiles, including Na+ and Cl—, can be programmed into this interface to
generate sweat for real-time study. Human-subject studies were conducted in the context of
cystic fibrosis diagnosis in order to establish the clinical utility of this platform. Using this
technology, they were able to detect the increased electrolyte content in the sweat of cystic

fibrosis patients as compared to healthy control individuals.

Guinovart et al. [108] made and tested a new potentiometric cell that could be used to
monitor ammonium levels in sweat. This skin-worn sensor can be made using a screen-printed
design and all-solid-state potentiometric sensors for both the working and reference electrodes.

It also has a polymer membrane that is ammonium-selective because it is made of the nonactin
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ionophore. The tattooed potentiometric sensor has a working range of between 104 M and 0.1
M, which is close to the amount of ammonium in sweat that is normal. Using screen-printed
technology, epidermal integration, and potentiometric sensing is a good way to keep track of a
wide range of electrolytes in human sweat without having to be invasive. Also, Renner et al.
[150] conducted ammonium measurements in blood and sweat during a stepwise incremental
cycle ergometer test on 40 participants under controlled conditions in order to evaluate the
relationship between ammonium concentrations in blood and sweat. Aside from that, blood
lactate and heart rate were monitored to guarantee that the recorded quantities could be
categorized appropriately. It was shown that while the blood ammonium concentration
corresponded to the commonly acknowledged levels of physical fatigue, the sweat ammonium
concentration appeared to decrease with physical exertion. This may be due to the dilution
effects, which occur as the rate of sweat rises [40,85]. As a result, they suggested that wearable
technologies will greatly benefit from this research since it sheds light on the relationship

between blood and sweat parameters.

4.3. Sweat sensing approach

Understanding the complex chemical composition and physical properties of sweat can
provide valuable insights into human health issues in a variety of situations, including stress
and fatigue. Chemically related devices are commonly used in the majority of sweat biosensing.
Numerous research studies have investigated the relationship between the quantities of
chemical components in the environment and human health states in depth. For example,
during activity, the salt and chloride concentrations in sweat can represent the amount of water
lost by the human body through the skin [151,152]. It has been extensively researched to
determine the concentration of cortisol, popularly known as the "stress” hormone, in sweat in
order to continuously monitor the mental condition of subjects [65,153]. It has been created

using electrochemical, colorimetric, and hybrid chemical sensing approaches to measure the
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amounts of these chemical components in sweat. This subsection primarily discusses new

technologies and how they can be used in chemical sensing.

4.3.1. Electrochemical sweat sensors

It has been proven that biomarkers in sweat alter dynamically in response to factors
such as health, stress, and food [154]. The monitoring of sweat biomarkers in real-time is
critical. Electrochemical sensors connected to the skin that use conductometric, amperometric
[79,83], potentiometric [93,106,108,144,155], and voltimetric measurement techniques can be
used to constantly monitor analytes in sweat [151,156]. It is possible to establish a
proportionate link between analyte concentrations and electrical signals with high specificity
and rapid response times while using only a small amount of power. Thus, tiny sensor designs
that are suitable for wearable platforms can be developed, which can communicate data to an
external personal device assistant (such as a smartphone or smartwatch) for real-time sweat
analysis. For example, a new solid-state tattoo potentiometric cell was developed by Guinovart
et al. [108] using screen-printed technology on a temporary transfer tattoo to detect ammonium
(NH4+) in sweat. Polyvinyl butyral (PVB) solid-state reference membranes are improved in
this cell design, which is employed during the wearable device's rest period. Similar to
potentiometric electrodes, their sensor was able to detect NH4+ in sweat at physiological levels
with comparable performance. Additionally, Bariya et al. [93] developed an electrode with roll-
to-roll gravure printing that can handle a variety of electrochemical sensing tasks. They print
devices with homogeneous redox kinetics on 150-meter-long flexible substrate rolls using inks
and electrode morphologies designed for electrochemical and mechanical durability. Using
these electrodes, the researchers showed that they can be used to make sensors that consistently
do a good job of detecting ions, metabolites, heavy metals, and other small molecules in

biofluids that can be accessed without harming the body.
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4.3.2. Colorimetric sweat sensors

Elastomeric substrates with microfluidic channels placed in them can be used to collect
and store sweat, which can then be used for various purposes. Combining colorimetric [157,158]
and fluorescence [149,159] tests allow for the quantitative analysis of interest sweat
constituents. When sweat is routed to discrete chambers, sweat components interact with
specific chemical reagents to produce a distinct optical signal corresponding to a target analyte
concentration. By utilizing the natural pressure that sweat glands produce, it is possible to
quantify sweat rate. This sort of instrument is used to determine the concentration of a target
analyte in a sample. A smartphone-based image capture and color-based processing method
have recently been shown to be useful for measuring sweat chloride, pH, lactate, glucose, urea,

and creatinine, among other substances [142,149,158-160].

4.3.3. Hybrid sweat sensors

Wearable sensors that combine optical and electrochemical sensing technologies in a
single analytical platform [161] can now measure biomarkers like cortisol, ascorbic acid,
glucose, and sweat rate wirelessly and without batteries. This can be done continuously or as a
one-time check. Colorimetric lateral flow immunoassays for cortisol, fluorescence assays for
ascorbic acid and glucose, and impedance-based sensors for sweat rate and galvanic skin
reactions are used in this dual sensing technique. Field testing shows that these features may
be used to track physiological parameters related to physical and mental stress over many days
in the real world. This type of hybrid technique has the potential to provide long-term
continuous and intermittent monitoring of physiological indicators and situations. For instance,
Imani et al. [83] developed a wearable device that can assess chemical and electrophysiological
data at the same time using a single epidermal patch. There are two electrocardiogram (ECG)

electrodes, and a three-electrode amperometric lactate biosensor are combined in a hybrid
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wearable, allowing for simultaneous real-time readings of lactate and ECG. The ECG measures
can be used in physical exertion monitoring to monitor heart health and function, while sweat
lactate measurements can be utilized to assess an individual's performance and exertion level.
Due to its dual-sensor design, the hybrid wearable patch can monitor a person's
electrophysiology as well as their physicochemical state. This gives them a more complete

picture of their overall health than current wearable fitness monitors can provide on their own.

4.4. Challenges and limitations of wearable biosensors for monitoring sweat

biomarkers

Sweat-based biomarker monitoring via wearable biosensors presents several challenges and
limitations. First, the task of establishing an accurate correlation between biomarkers found in
sweat and certain health problems or physiological parameters poses a considerable challenge.
The investigation into the correlation between specific biomarkers and health outcomes is still
ongoing, and the analysis of sweat biomarker information is frequently complex and
inconsistent [148]. Second, the task of attaining a high level of accuracy and sensitivity in the
measurement of sweat biomarkers presents significant challenges. The concentrations of sweat
biomarkers exhibit significant inter-individual variability and can also demonstrate intra-
individual variation over time [162]. One of the challenges in the field of wearable biosensors
is ensuring the correct detection and quantification of biomarkers throughout a broad spectrum
of concentrations [163]. Third, the process of calibrating wearable biosensors for each
individual and defining personalized thresholds might present a significant level of complexity.
The need for personalized calibration and adaptation of algorithms arises from the variability
in sweat composition, flow rate, and other relevant parameters [164]. This process can be labor-
intensive and necessitates regular recalibration. Fourth, the process of collecting and preserving
perspiration for study poses many difficulties. Environmental factors that affect sweat

generation and evaporation rates might have an impact on the accuracy and consistency of
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readings [79]. It is imperative to establish optimal contact between the sensor and the skin to
promote the collection of perspiration without any disruption [165]. Fifth, the analysis and
interpretation of the substantial volume of data produced by wearable biosensors pose a
multifaceted challenge. The development of efficient algorithms and machine learning models
for data processing and the extraction of significant insights necessitate the utilization of
sophisticated computational methodologies and specialized knowledge [166]. Lastly, the
success of wearable biosensors heavily relies on users’ acceptability and compliance [8].
Various factors, including the level of comfort, user-friendliness, and perceived value of the
health information offered, can significantly impact the extent to which users embrace and
continue to use a particular product or service. Considering the issues of users and developing
gadgets that are easy to use are crucial factors to consider. The limitations and obstacles
underscore the complex nature of sweat-based biomarker monitoring through the utilization of
wearable biosensors. To overcome these challenges, it is imperative to engage in continuous
research, foster technical progress, and promote multidisciplinary cooperation among

specialists in the fields of sensor development, data analysis, and healthcare.

5. LIMITATIONS AND FUTURE RESEARCH DIRECTIONS

There are certain limitations to the current review. It is important to note that most of the
articles included in this review used extremely small samples. Only a few of the reviewed
studies include demographic information on the participants. Studies included in this review,
for example, only looked at healthy young individuals, so it is unclear if these metrics are still
valid for stress and fatigue detection with sweat biosensors in healthy older adults. While nine
of the included articles said that the current sweat sensors would take between 1 and 20 minutes
to begin recording data, other studies did not provide any information on how long it would

take for the data to be collected. Lastly, most of the articles included in this review primarily
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utilized laboratory methods to demonstrate that sweat biosensors could measure stress and
fatigue in real-time.

Despite these limitations, the current review provides essential information for future
relevant research projects that will involve the design and implementation of wearable
biosensors for monitoring stress and fatigue by using sweat biomarkers. It is necessary to
do additional research to validate the use of biosensors that analyze sweat biofluids to
identify stress and fatigue. To do so, an investigation must be carried out in greater depth.
If the presented data were interpreted and utilized appropriately, it would be possible to
construct more advanced biosensors capable of detecting a variety of biomarkers, such as
lactate, cortisol, glucose, and electrolytes. This will make it possible to build more advanced
biosensors capable of detecting a variety of biomarkers. Also, the results of this review could
provide a substantial basis for developing a good method for using sweat biomarkers to
monitor stress and fatigue in real-time.

6. CONCLUSION

The current review summarizes the findings of an evaluation of wearable biosensors for
real-time monitoring of stress and fatigue using sweat biomarkers. For this review, systematic
search strategies were utilized to gather relevant data and critically evaluate the use of different
sweat biomarkers in the measurement of stress and fatigue. Sweat biomarkers such as lactate,
cortisol, glucose, and electrolytes were commonly used to assess stress and fatigue.
Potentiometric and amperometric biosensors are frequently used to detect sweat-based
biomarkers in real-time. Biosensors that are worn on the skin, such as an epidermal patch or a

sweathand, have been validated in scientific literature.

The use of sweat as a non-invasive method of acquiring individualized biological
information is becoming more popular. It is becoming increasingly common to use biosensors

to measure a wide range of sweat biomarkers to detect and prevent fatigue during high-intensity
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industries, such as construction. Although wearable biosensors have been validated for
monitoring several sweat biomarkers, direct evaluation of stress and fatigue using such
biomarkers is still limited. Therefore, further research and testing are required before any firm
conclusions can be drawn. Additionally, sample integrity must be ensured during a monitoring
period, and this is a major challenge. Movement artefacts can cause a great deal of noise,
especially if the sensor platform moves or lifts temporarily from the skin and air enters the
fluidic system. The high number of biomarkers that can be reliably detected in sweat biofluid
is expected to grow in the future as technology advances. Therefore, this could improve the
clinical usability of the tool as well as provide reliable diagnostic or screening tools for stress
and fatigue assessment, ultimately improving the health and safety of workers on the job site.
In short, this review study may provide opportunities for academics and practitioners to expand
the use of wearable biosensors for monitoring sweat-based chemical biomarkers for the real-

time assessment of stress and fatigue.
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Table 1. Search strategies

Keyword PubMed  Web of IEEE
Science (all Explorer
databases)

Sweat biomarkers OR Chemical biomarkers 66,388 81,709 145

OR Sweat Cortisol OR Sweat electrolytes
OR Sweat ammonia OR Sweat glucose OR
Sweat Lactate

Wearable biosensors OR Wearable sensors 10,937 37,734 3,616
OR Wearable biosensing technology OR

Wearable electrochemical sensors OR

Wearable biochemical Sensors OR Wearable

Chemical Sensors

Fatigue OR Stress OR Burnout OR Exertion 1,388,941 2,520,421 32,940
OR Exhaustion

Combined (Operator ‘AND”) 42 82 7
Total after duplicates removed 98
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Table 2. Overview of wearable biosensors for monitoring sweat-based biomarkers

Author Publisher Biomarker  Subject Demographic Types of sensors Types of Time Cited by
(Year) wearables taken to
start
recording
Oktavius et IEEE Cortisol Not reported Not reported Skin patch sensor Epidermal patch  Not 2
al. [63] based on porous reported
Ultra-High
Molecular-Weight
Polyethylene
(UHMWPE)
nanomembrane
Torrente- Elsevier Cortisol 12 healthy age range 18-65 years Graphene-Based Graphene sensor 10 min 117
Rodriguez et subjects, Wireless mHealth patch
al. [65] System
Saha et al. MDPI Lactate Eight healthy 5 females and 3 males, aged  Polydimethylsiloxane Wearable patch ~ Not 1
[78] subjects 20-28 (PDMS)-based reported
hydrogels
Seki et al. Nature Lactate 23 healthy Age 20 Y (healthy) Amperometric lactate  Sensor chips Not 5
[79] 42 patients 63 Y (patients) biosensor reported
(CVDs) Male 21 (healthy), 32
(patients)
Height 171 cm (healthy),
165 cm (patients)
BMI 22 (healthy), 23
(patients)
Imani et al. Nature Lactate 3 healthy males  Not reported Amperometric lactate Epidermal patch  Not 546
[83] biosensor reported
Huangetal.  Springer Glucose Not reported Not reported Polydimethylsiloxane Epidermal patch 1 min 5
[84] Lactate (PDMS)-based

enzymatic biofuel
cells
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Bariyaetal.  American pH Not reported Not reported Potentiometric Wristband 14 min 166
[93] Chemical electrolyte sensors

Society
Matzeu etal. The Royal Electrolytes  Four Healthy Not reported Potentiometric Sweatband 20 min 64
[106] Society of (Na+) active male electrolyte sensors

Chemistry athletes
Guinovartet  The Royal Electrolytes  Not reported Not reported Potentiometric sensor  Tattooed sensor ~ Not 231
al. [108] Society of (Ammonia) reported

Chemistry
Anetal. American Cortisol 5 subjects Not reported Silk substrate-based  Electrode-type Not 1
[131] Chemical cortisol aptasensor sensor reported

Society
Wang et al. Science Cortisol 71 healthy Not reported A flexible field-effect Smart watch 5-15min nil
[132] Advances participants transistor (FET)

biosensor

Emaminejad  National Electrolytes  Six healthy Not reported Potentiometric Sweatband 20 min 435
et al. [144] Academy (Na+/CI") volunteers and electrolyte sensors

Sciences Glucose three Cystic Amperometric

Fibrosis patients glucose sensors

McCaul etal. Wiley Electrolytes  One healthy 26Y Potentiometric Wristband 8 min 32
[147] (Na+t) male electrolyte sensors
Alizadeh et The Royal Electrolytes  One healthy Not reported Potentiometric Epidermal patch ~ Not 92
al. [148] Society of (Na+ and male electrolyte sensors reported

Chemistry K+)
Renneretal. IEEE Electrolytes 35 male and 5 Age 39.9 + 12.5 years A screen-printed Polystyrene Not 4
[150] (Ammonia) female Height 180.3 + 7.9 cm, electrolyte sensor tubes reported

Weight 80.9 + 12.7 kg

Rose et al. IEEE Electrolytes  Seven healthy Not reported Potentiometric Epidermal patch 4 min 364
[155] (Na+t) volunteers electrolyte sensors
Choi et al. Elsevier Electrolytes 10 individuals CF: male = 4, female = 6, Colorimetric sensors ~ Epidermal patch 15 min 41
[157] (cr) with Cystic age = 28.9 = 7.4 years;

Fibrosis (CF)
and 10 healthy
subjects

healthy individuals: male =
1, female =9,age =35.0 +

12.1 years
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Table 3. Validation experiment for continuous monitoring of sweat-based biomarkers using wearable biosensors

Author Sweat Validation Experiment Finding Conclusion
(Year) Biomarker method
Oktavius etal. Cortisol Blood cortisol  The healthy volunteers had a After the participant did the high-  Using a flexible, breathable membrane, this
[63] 15-minute workout that began  intensity exercise, the sweat work can detect sports fatigue by measuring

at a low intensity (100 sample exhibits a strong cortisol ~ cortisol levels. Other methods, such as Raman

revolutions per minute (RPM))  peak on Raman shifts of 1610 cm™  spectrometry and quantitative analysis, can

and gradually rose in intensity 1, whereas this peak is absent capture biomarkers from human sweat,

(140 RPM until voluntarily from the control sample. particularly cortisol. This work could lead to a

stopped). Participants sweated = The Raman peaks of sweat follow less invasive and more convenient way to track

while wearing two membranes  a similar pattern to those of blood, fatigue than blood tests.

that were detached once the with Cortisol detected in an area

low and high intensity levels of 1600cm™ despite the

had been completed, substantial intensity difference.

respectively. Similar to the Additionally, it was discovered

sweat samples, each subject's that the estimated cortisol content

finger was poked after in blood is approximately 7.48

completing each of the activity  times that in perspiration.

levels at the same intensity. After almost two hours of high-

Easy removal of the sweat intensity activity, the Area Under

sensor for laboratory Raman the Curve (AUC) ratio of sweat

analysis was achieved usinga  cortisol increased nearly tenfold

paper frame attached with compared to the concentration

double-sided adhesive. during low-intensity exercise,

resulting in a cortisol
concentration of 10.47 pmol/cm3.
Torrente- Cortisol ELISA A 50-minute stationary cycle Sweat cortisol levels grow This pilot study found a strong correlation
Rodriguez et (Cortisol workout with a constant gradually in all persons studied between the amount of cortisol in the blood and
al. [65] levels in workload was used to and reach a maximum after 40 the amount of cortisol in the sweat. This shows
serum) determine the sweat cortisol minutes of continuous riding. that sweat analysis has a lot of potential for

concentration in this study. For
the 50-minute workout, the
GS4 was used to collect and
analyze sweat samples from the

Near the end of the activity, a
modest reduction in cortisol
levels is noticed in all individuals.
Cortisol levels in pre- and post-

noninvasive dynamic stress monitoring using
wearable and portable sensing devices.
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three physically untrained
subjects and one trained
(athletic) subject on a cycling
ergometer at 10-minute
intervals. Additionally, cortisol
levels in the blood were
examined before and shortly
after the cyclic activity to see if
the sweat cortisol fluctuation
correlated to circulating cortisol
levels.

An exploratory cold pressor
test (CPT) was performed on
four healthy volunteers by the
research team in order to
discover how quickly sweat
cortisol reacts to acute stress.
Before beginning, participants
were told to immerse their non-
dominant hand in ice water for
three minutes. Samples of
sweat were obtained every
eight minutes with
iontophoretic sweat
stimulation.

exercise serum samples correlate
well with the change in cortisol
levels from the start of
perspiration (10 minutes) to the
end of the activity (50 minutes).
At 50 minutes, sweat cortisol
levels were significantly higher
than at 10 minutes, in response to
the physiological stressor.
Cortisol levels were higher in the
morning than in the evening for
both groups; the evening exercise
results in a greater relative
percentage change in cortisol.
Cortisol levels increased
following CPT completion,
reaching a mean high between 8
and 16 minutes after CPT.

Saha et al. [78]

Lactate

Blood lactate

Using a lactate paper sample,
researchers were able to
determine the amount of lactate
in the blood under five different
physiological conditions: rest,
moderate exercise (60—70% of
maximal heart rate), post-
medium-intensity exercise, and
post-high intensity exercise. All
of the experiments were

The hydrogel disc can take fluid
from the skin and transmit it to
the paper via osmosis while the
user is sleeping or otherwise
resting. Even without the
hydrogel patch, the paper can still
collect perspiration during periods
of intense sweating (for example,
exercise). Inversely proportional
to sweating rate is the total

This wearable osmotic sweat sampling patch
looks to have significant potential in permitting
continuous sweat collection for hours at a time.
It provides valuable health information
regarding human lactate patterns under a variety
of physiological circumstances. In addition to
the skin tests, this patch needs additional post-
processing steps to get a reliable estimate of the
amount of lactate in sweat.
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conducted at 22 degrees
Celsius and 45 percent RH
(relative humidity).

amount of lactate moles measured
in the experiments. High-intensity
exercise has the best association
between perspiration and blood
lactate concentrations.

Seki et al. [79]

Lactate

Blood lactate,
and
ventilatory
threshold

The RAMP protocol ergometer
was used to conduct exercise
testing on healthy volunteers,
while a wearable lactate sensor
measured changes in sweat
lactate. Lactate levels in the
blood were monitored every
two minutes using a sensor
attached to the upper arm of
healthy individuals. The
subjects performed the test in
an upright position on an
electrically braked ergometer.
Subjects began by pedaling for
2 minutes at 50 W for healthy
males and 0 W for healthy
females, then increased the
intensity of their exercise until
they were no longer able to
maintain the pedaling rate
(volitional exhaustion). Every
minute, the intensity was
stepped up by 20 W. (RAMP
protocol). At 60 rotations per
minute, the pedaling speed was
set. According to the subject's
exercise capacity, the
incremental exercise testing
lasted between 10 and 20
minutes. Individuals were

At the start of the cycling activity,
the lactate biosensor registered a
negligible current response due to
a lack of sweat. As the riding
continued to volitional
exhaustion, a dramatic increase in
sweat lactate levels was noticed.
After the workout period, sweat
lactate readings continued to
decline slowly in comparison to
the heart rate decrease.

The correlations between sweat
lactate and blood lactate were
excellent (r=0.92, P<0.001). The
least-product regression analysis
revealed no evidence of a fixed
bias or a proportionate bias (95
percent confidence intervals (Cls)
for the y-intercept ranged from
9.16 to 19.1; Cls for the slope
ranged from 0.854 to 1.020).
Similarly, a strong association
between the sweat lactate and
ventilatory threshold was seen
(r=0.71, P<0.001). Between each
threshold, least-product
regression analysis revealed a
fixed bias (y-intercept, 22.7) and
a proportionate bias (slope, 0.57).

It was the first study to monitor sweat lactate in
real time during progressive exercise in healthy
and cardiovascular disease (CVD) patients.
Monitoring the amount of lactate in sweat could
help find the ventilatory threshold, which is
important because it is hard to find.
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instructed to stop cycling
immediately and remain on the
ergometer for three minutes
after the exercise tests were

completed.
Imani et al. Lactate enzyme-free  The Chem-Phys hybrid patch Heart rate (HR) was 60 to 120 This is the first time that researchers have been
[83] amperometric  was created and applied to the  beats per minute and low current  able to monitor both physiochemistry and
sensor fourth intercostal area of three  response was recorded by the electrophysiology at the same time with little
healthy male volunteers in lactate biosensor at the start of the interference. This opens the door for a new class
order to evaluate performance  cycling activity of hybrid sensing devices.
under realistic conditions. HR and sweat production
Sweat-lactate levels and ECG increased as individuals increased
signals were regularly amount of effort. LOXx-based
measured during 15-30 biosensor recorded lactate from
minutes of intense cycling the epidermis at the
exertion. While pedaling commencement of perspiration.
difficulty was increased Perspiration rate, HR, lactate

intermittently, participants were levels increased as riding

instructed to maintain a steady  intensity increased.

riding cadence on a stationary =~ The HR returned to a level close

cycle. to normal resting HR after
cooldown session.
Simultaneously, the lactate
concentration decreased.

Huang et al. Glucose Laboratory The lactate and glucose Throughout the exercise, the A stretchable, self-powered biosensor could be
[84] Lactate trials concentrations of a cyclist were  glucose and lactate concentrations used to track the levels of lactate and glucose in
monitored in real time as he or  gradually reduced due to the human sweat in real time. Biofuel cells
she cycled at a steady load. dilution impact of the increased functioning as precise sensing components can
Sensors implanted in the sweat rate. work without the use of external power supplies.
subject's back measured Lactate and glucose The suggested biosensor could be used to
glucose and lactate concentrations were nearly same  measure sweat and keep an eye on the health of
concentrations during a period  across all test locations, and a people.
of 1200 seconds of activity. significant drop was observed
The lactate and glucose after 0.5 hours of perspiration.

concentrations in three
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independent body regions were A determination coefficient (R2)
also measured after 0.5 hours of 0.98 and a sensitivity of 2.48
of continuous activity. After mV/mM were noted for lactate
that, the sensors were attached  detection, and a determination
to the backs of three volunteers  coefficient (R2) of 0.96 and a
and the changes in lactate and ~ sensitivity of 0.11 mV/mM for

glucose levels in sweat were glucose detection.
measured.

Choi etal. [93] Electrolytes Standard Pilocarpine iontophoresis was ~ The wearable sensor was ableto ~ When utilized in conjunction with a wearable

(cn laboratory test  used to generate sweat on both  collect steady sweat chloride sensor, real-time measurements of sweat

forearms of ten people with levels within 15 minutes of chloride can be obtained within 15 minutes of
Cystic Fibrosis and ten healthy  starting to sweat. The sensor sweat induction. This method requires only a
volunteers. On one arm, a measured a sweat volume of 13.1  small quantity of sweat volume and provides
Macroduct sweat collection +11.4 L (SD) at detection time (5 excellent agreement with standard methods in
device was mounted, and minutes), which was typically less the process.
perspiration was collected for than the minimum sweat volume
30 minutes before being of 15 L required for conventional
transported to the laboratory for testing. Chloride concentration
analysis. In the other arm, a differences between the sensor
sensor was attached, and the and typical laboratory practice

concentration of chloride ions  were 6.2 + 9.5 mEg/L (SD),

was monitored in real time for ~ which was compared to the arm-

30 minutes. to-arm variability of roughly 3
mEq/L. It was discovered that the
two measurements had a Pearson
correlation coefficient of 0.97.

Matzeu et al. Electrolytes Laboratory Using stationary bikes and a Linear relationship between After a series of high-energy workouts, the
[106] (Na+) trials cycle ergometer at an effort the sensors and a PEDOT solid- results show that the sensor can make different
level that elicited sweating, a contact layer (R2 > 0.98), with an  sodium profiles for each athlete over a long
group of healthy, active male average slope and offset of 55.5 period of time.
athletes was tested in an indoor mV/log Na+ and 474.8 mV,

environment. The respectively.
PotMicroChip was attached to  The slope and offset standard
the upper left arm using a deviations = 4.9 mV/log Na+ and

Velcro® strap (after cleaning 23.1 mV.
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the sampling region with
alcohol swabs and deionised
water). The external forearm
was selected as the primary
sampling location. When the
athlete was unable to keep up
with the set intensity load, the
trials were halted.

Sensors with a PEDOT/PB film
as the SC layer demonstrated
excellent linear calibration (R2 >
0.98).

The slope and offset values = 53.4

+ 3.0 mV/log Na+ and 524.1
+14.4mV.

When the PotMicroChips began
harvesting perspiration, Na+
levels increased for 2 and 5
minutes, respectively.

Na+ levels then stabilized at an
average of 10.3+ 0.2 mM and
24.2 £2.7 mM.

The average interpolated sodium
concentration at the end of
cycling sessions was found to be
18.2 £ 8.9 mM.

Guinovart et Electrolytes  Laboratory A 30-minute stationary cycling  High Noise signal at the Solid-state tattoo potentiometric cells that can

al. [108] (Ammonia) trials regimen with three-minute beginning. Low Noise signal (< detect ammonium (NH4 +) in sweat have been

cool-down periods and another 0.5 mV) when sweat begins. developed and are currently being tested. It
three-minute rest period was Amount of NH4+=0.1to 1L mM  combines screen-printed technology with a
employed in the study. To (range). NH4+ levels increased temporary tattoo. Preliminary findings indicate
achieve an anaerobic state, each  with the increased load of cycling this tattoo can sense the transition of subjects
volunteer drank mineral water ~ without sprinting. Sensor signals ~ doing intense exercise.

the entire time and cycled and increased with the increased

ran alternately every five speed of cycling.

minutes.

Anetal. [131] Cortisol ELISA After a period of intense Real-time monitoring was carried  Using a PEDOT-PAN NF layer on a silk
(Cortisol exercise (cycling), the actual out when the subject was cycling  substrate, a flexible and wearable aptasensor
levels in sweat cortisol level was aggressively to increase the was created to detect cortisol, a stress hormone.
serum) measured. Sweat samples were  amount of stress. The no sweat Electrical experiments revealed the sensor's

utilized to conduct an ELISA
test, which helped researchers
calculate the concentration

portion of the real-time response
corresponds to the time when
stress was administered, but not

ohmic behavior, transition curve, and
proportional signal intensity to substance
concentration. Electrode-type sensors were more
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level needed for real-time
monitoring.

recognized by the aptasensor
since no cortisol was
administered to the aptasensor,
and the perspiration portion
corresponds to the time when the
aptasensor began to detect
cortisol. The comparison of the
intensity between the subjects
demonstrates that this cortisol
aptasensor is capable of
demonstrating the difference in
cortisol levels between various
people. The absorbance
measurement revealed that the
actual sample concentration was
around 1 nM. Taking these facts
into consideration, the cortisol
aptasensor has the potential to be
used as a flexible and wearable
device.

sensitive (10 pM) and selective. This study will
benefit research on ultralight, disposable
gadgets with low environmental impact, such as
medical devices. Ultralight silk-surfaced
wearable sensors need more testing before
production.

Wang et al.
[132]

Cortisol

ELISA
(Saliva
Cortisol)

A gold standard laboratory
technique, the Trier Social

Stress Test (TSST), was used to
evaluate stress-induced cortisol

spikes in salivary and sweat

cortisol. 71 healthy volunteers

were studied over four hours,

collecting saliva and
perspiration samples at eac

stop (i.e., prestress and 15, 25,
and 90 min after stress). It was
done using a cortisol-aptamer-

h

FET device to analyze saliva

and sweat samples from one of

the study participants.

After 15 minutes of stress,
salivary cortisol concentrations
peaked and then proceeded to
decline for the next 75 minutes. In
addition, cortisol levels peaked 15
minutes after stress, then returned
to baseline levels 90 minutes
later, which was consistent with
the cumulative trend indicated by
the conventional lab assays.
Cortisol levels in saliva and sweat
were found to be greater in the
mornings of most participants
than in the afternoons. A
moderate connection between

Sweat cortisol monitoring has the potential to be
employed in translational applications,
especially when considering the huge body of
knowledge presently available on salivary
cortisol levels. The translation of this
technology into health and performance
monitoring and optimization and other uses
necessitates the coordination of both
engineering and clinical initiatives.
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Researchers measured the
levels of the stress hormone
cortisol in saliva using a
standard laboratory technique
(such as ELISA).

salivary and sweat cortisol levels
(r = 0.73) could not rule out the
idea that salivary and sweat
cortisol levels were linked.
Cortisol levels in saliva and sweat
samples were greater in the
morning and decreased in the
afternoon, consistent with
findings from an ELISA analysis
of the same samples.

Bariya et al. pH Laboratory As they pedaled stationary No meaningful pH reading within ~ This work is a big step forward in the field of
[147] trials bikes, researchers monitored the first 14 minutes because of translational research because it makes it

the pH of their sweat. The insufficient sweat. Sensor possible to make a large number of low-cost,

printed array-based pH sensor  readings commence once the well  disposable wearable sensors for individual

is held in place on the subject's  has been properly filled, and health monitoring applications that can be used

arm by an adjustable bracelet. initially show a slow rise in pH on a large scale and are very flexible.

A thin PDMS wall surrounds suggesting a fall in the quantity of

the sensing electrodes, lactate in the bloodstream. While

producing a well for riding a bike, the pH of sweat

perspiration to condense and remains constant during the entire

preventing the sensing layer workout. For continuous, real-

from abrasion against the skin.  time physiological indicator

Sweat pH is determined monitoring in mechanically

throughout an exercise session  demanding environments, the

that includes six minutes of printed array-based sensors' on-

warm-up and 45 minutes of body data closely matches the

cycling at a power output of readings from a commercial pH

120 W. meter.
Alizadeh etal. Electrolytes Laboratory A healthy male volunteer The sensitivity of the Na+ and K+ A wireless sweat monitoring device that
[148] (Na+ and trials underwent on-body testing of =55.7 mV per log a Na+ and 53.9 provides good accuracy while also providing

K+) the fully integrated sweat mV per log a K+ per decade. continuous and unobtrusive sweat electrolyte

sensors while undergoing high
intensity activity on a bicycle
on a roller trainer and treadmill
running trials. The patches

The results in the Na+
concentration demonstrate the
expected rise in voltage
associated with the introduction

monitoring over a prolonged period of time. The
device learned by this device could be
applicable to a wide variety of analytes even
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were applied to the back of the
individual, around the
latissimus dorsi muscle and/or
the thoracolumbar fascia in the
upper lumbar vertebrae region.
Averaging 26 to 29 mph, the
bike's top speed during the
session, which typically lasts
30 to 60 minutes, caused the
person being tested to perspire
profusely.

of eutonic sweat to the ISE (from
a dry baseline), with minor noise
aberrations.

though it was designed for electrolyte analysis
during vigorous perspiration only.

Emaminejad et Electrolytes  Blood glucose

To assess the wearable

The results of this experiment

The technology detects an increased electrolyte

al. [149] (Na+/CI") platform's efficacy for demonstrate that the sweat and content in the perspiration of patients with the
Glucose noninvasive glucose blood glucose levels before and disease compared to healthy control volunteers
monitoring, they performed after 30 g oral glucose and a correlation between sweat and blood sugar
real-time sweat stimulation and  consumption follow a similar levels.
glucose sensing measurements  pattern. The off-body
of a group of subjects measurements obtained from the
participating in fasting and sweat sample created by the
post-glucose ingestion wearable device reveal that oral
experiments. A commercially glucose consumption in fasting
accessible glucometer was used  people typically leads to a rise in
to conduct the blood glucose both sweat and blood glucose
analysis. levels.
Renner et al. Electrolytes  Blood An electromagnetically braked  The data indicate that the HR The rate of ammonium production must be
[150] (Ammonia) ammonia, cycle ergometer was used to increases approximately linearly ~ taken into account in order to make sweat

blood lactate,
and heart rate

test the subjects' maximum load
capacity. It was constantly
monitored for changes in heart
rate and breathing gas levels.
The subjects were at rest when
the baseline data was obtained.
A 25 W increase in exertion
was made every three minutes
after the first three minutes. If a

as the effort increases.

Lactate concentrations were
measured throughout the
program, ranging from 0.5
mmol/l at the start to 16.3 mmol/I
at the conclusion.

Blood ammonium concentrations
have been measured to range
between 15 and 193 pmol/I.

ammonium practical to use and meaningful to
understand data collected in sweat. In this study,
we used a screen-printed electrolyte sensor that
is suited for application in wearable electronic
devices.
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participant felt they had In comparison, following a
expended all of their energy, modest plateau between 150 and
they were allowed to stop the 200 W, the sweat ammonium
activity. 375 W was the concentration decreases with
maximum load that could be effort.

applied. At the end of each The content of ammonium in
procedure step, 5 ml round- sweat was found to range between
bottom clear polystyrene tubes  0.12 and 2.17 mmol/l. Sweat
were used to collect sweat ammonium concentration is

samples from the upper body. decreasing, contradicting the
The upper arms, shoulders, and  other three values.

back were the preferred Similar to the other observed
locations to gather sweat characteristics, the sweat
because they are hairless. ammonium curve exhibits a shift
in concentration at 300 W.
Rose et al. Electrolytes Laboratory To determine the radio- The sensor output rose as the The current patch works well and accurately but
[155] (Na+) trials frequency ID (RFID) Na+ analyte concentration increased.  would perform even better with a higher
sensor's accuracy, they The sensor responded fast to each  sampling frequency, improved power
repeatedly measured 50mM concentration change, with a management, sensor signal conditioning, and
NaCl, which should provide response time of around 30 analog sensor input conversion efficiency.
185mV according to the seconds. The correlation When it comes to collecting real-time data on
calibration curve. To further coefficient = 0.99. Sensor people's health, wearable and wireless gadgets
investigate the possibility of sensitivity = 0.3 mV/mM. Sensor  fill a huge gap in the technology needed.
continuous monitoring in accuracy = 96%. Sensor
sweat, the concentration of precision = 28%. Average value
NaCl was adjusted every 4 for high concentration = 255mV.
minutes for 45 minutes, ranging CV = 0.1%. Average value for
from 20mM to 70mM. low concentration = 237mV. CV
=0.8%.
McCaul etal.  Electrolytes Laboratory A watch-type sweat sampling Within 8 minutes, the signal at the The findings demonstrate that there was no
[157] (Na+) trials and analysis platform was used electrodes begins to rapidly grow statistically significant change in the response
during on-body trials using as the perspiration replaces the characteristics of the system. The trial data seem
exercise-induced perspiration.  conditioning fluid (0.13 mM to be pretty accurate, since there was only a
VO2Max (absolute oxygen NaCl). five-minute delay between when sweat appeared
consumption per minute) and on the skin and when the electrodes picked it up.
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." International

relative oxygen consumption
per kilogram of body weight
(relative oxygen consumption
per kilogram of body weight)
were measured before the
volunteer participated in the
trial. In this experiment, the
sweat sensor was attached to
the volunteer's wrist. A 10-
minute warm-up was followed
by a 5-minute ramp-up before
the subject completed a 50-
minute cycling period at 120 W
followed by a 10-minute cool-
down period.

After 12 minutes, the signal
began to settle and remained
stable until 50 minutes had
passed.

The concentration of sweat NaCl
increases to a high of 17.0 to 17.5
mM (11-13 minutes) and then
progressively declines to 11.0 to
11.5% (30-50 minutes).
Following that, the Na+
concentration appears to decrease
at a faster rate, eventually falling
below 6.0 mM near the end of the
trial.

67





