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Abstract

Sweating is a normal reaction of the body to exercise. Although much of sweat is water,
there are many other components. These components can be an indication of the condition
of the athlete. Increase of elements and salts in the tissue will also work their way through
to the sweat. Measurement directly in tissue can be an excellent indicator, but a non-invasive
approach is simpler to use and safer. Concentrations in sweat can also be an indication that
the athlete is in danger of collapse. This paper looks into the components in sweat and how
this change with exercise. The aim is to develop a simple, wearable system able to warn the
athlete of the impending danger and prevent a potential accident.

1 Introduction

Currently in the field of sport, many athletes, coaches and support staff are taking an
increasingly scientific approach in order to get the edge on their competitor. This can be
done by improving the equipment they use such as increase aerodynamics of a bicycle or
improving running economy by designing better running shoes. Alternatively, improved
preparation through the training itself and monitoring during training to validate whether the
training is effective in performance increase. One method of doing this is by monitoring with
wearable devices, which in 2018, is a B$5.8 industry [1]. However, most wearable devices
fail to provide insight into internal load parameters such as, hydration status, energy
consumption and muscle fatigue. Measurement of human perspiration could enable such
insight, because it contains physiologically and metabolically rich information that can be
retrieved non-invasively [2]. This work looks into methods to determine fatigue through real-
time sweat analysis.

2 Fatigue definition

The term fatigue can be described as the load measurable by assessing internal response
factors within the biological system, which may be physiological, psychological or other [3]
This progressive phenomenon developed over time, resulting from a continuous physical or
mental effort, being characterized from the muscular point of view by the inability to maintain
strength, depending on the muscle under analysis and the patient’s own morphology [4].
This occurs due an oxygen shortage, glucose will be metabolized anaerobically in the
muscle, which produces lactic acid.

3 Sweat

The main component of sweat is water. However, within the water are a number of
components. The volume of water lost in sweat daily is highly variable, ranging from 100 to
8,000 mL/day, depending on conditions and level of activity.
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3.1 Sweat glands

Sweating can be classified in two groups: the thermal sweat, through eccrine glands, and
the mental or emotional sweating, though apocrine glands [5]. Eccrine glands cover almost
the entire body, with the exception of the palms and soles. They have a tubular structure
with a deep sub-dermal coiled secretory section which is connected to a duct which passes
through the skin. The primary function of eccrine sweat glands is thermoregulation [6].
Apocrine glands are the largest and occur in the axillae, areola of nipple and genital areas
and they produce a viscous sweat containing lipids, cholesterol and steroids [6]. Since we
want to determine internal training load parameters, sweat from the eccrine glands must be
analysed. These sweat glands are shown in figure 1.
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Figure 1. (left) Eccrine sweat glands, (right) apocrine sweat glands.

3.2 Sweat composition

The sweat contains manifold constituents, but all of them are so small in amount that the
total solid component makes only 0.3% to 0.8% of sweat. The sweat may therefore be
regarded as the most dilute human secretion. These constituents can be grouped in
inorganic constituent, nitrogen compounds and sugars and its metabolites. Out of these
constituents, lactic acid and ammonia are brought into light for determining state of muscle
fatigue. The constituents of sweat are shown in the appendix.

Though lactic acid is a very well-known constituent to relate to fatigue, an overwhelming
amount of research concludes that there is little correlation between lactic acid concentration
in plasma and in sweat [2] [5] [7]. This is due to the lactic acid coming from different sources;
lactate in plasma comes from the fatigued muscles whereas the lactic acid in sweat comes
from the sweat glands. In contrast, sweat ammonia does show to correlate with ammonia in
plasma, because ammonia diffuses from the plasma into the sweat glands [2] [7]. In sweat
there are other electrolytes that may indicate internal training load. Changes in Na+ and CI-
concentrations in sweat can indicate sweat rate [2] dehydration, overhydration and
electrolyte loss [7].

4 Measurement of ammonia in sweat

The clearest indication of muscle fatigue is in the tissue itself. However, measuring in sweat
using a plaster, or in clothing is a much safer and more convenient method. Figure 2 shows
measurements of ammonia and lactic acid in tissue and sweat during and after exercise
measured by Alvear-Ordenes et al. [7]. The exercise in this case was rugby training. This
shows with both parameters a clear peak during training. In sweat the change is not clear
for lactic acid, but remains clear in the ammonia concentration. In this experiment, it is
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researched how the ammonia concentration changes real-time during the exercise,
Although the change is clear with ammonia in figure 2, the concentrations are low, leading
to challenges to measure real time during training.
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Figure 2. Ammonia and lactate concentrations in blood (left) and in sweat (right). Samples were
collected before rugby training, during the training, 24 hr, 48 hr and 72 hr after training [7].

4.1 Measuring method

Traditionally, measuring method in real-time sweat measurements were done through AgCl
electrodes. The novel approach that this research has taken was by using a MOS sensor
which measures gas ammonia concentrations. Compared to MOS sensor, common
methods require a higher sweat quantity in order to start measurements. Because of the
lower sweat requirement, it may also be possible to place this sensor on a body section
where less sweating occurs (i.e. limbs). Most importantly, there is an abounding amount of
commercially available gas ammonia
sensors. For this concept, the MICS
5914 ammonia sensor by SGX
Sensortech™ was used alongside with
the DHT22 to monitor humidity and
temperature, as shown in figure 3.

Figure 3. Sensor concept which
includes the ammonia sensor
temperature and humidity sensor.
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6 Experiment method

One male (26) and one female (25) participated in this experiment. The test was using
cycling ergometer (LODE Excalibur™)

Prior to starting the experimental trial, the participants were advised to be well-rested before
conducting the experiment. The skin surface where the ammonia sensor concept is placed
is cleaned with distilled water to remove possible contaminants. The ammonia sensor was
placed in close proximity to the muscle belly of the rectus femoris. Before the experimental
trial, the ammonia sensor is placed and turned on 10 minutes prior to starting the experiment
in order to warm up the embedded heater. Then the participant would initiate a 5-minute
warm up at 80 Watt. Followed by incremental cycling exercise which increases by 5 Watt
every minute. Once the participants reached their state of fatigue, they would perform a 10-
minute cooldown at 80 Watt.

The ammonia was measured directly on the subject During the experiment, the participants
breathes through a mask connected to a turbine flowmeter (COSMED K5™ ) for continuous
measurement respiratory exchange ratio (RER), in order to indicate when the participants
become anaerobic.

7 Results
The output signal of the ammonia measurements show gradual increase in the end of the
trial when the participants became anaerobic according to the RER system. This is
approximately initiated at the
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8 Electrolytes in Sweat

Another incremental exercise experiment was executed with two male participants (26 and
30 years old), to see how potassium, sodium ammonium and chloride concentrations
change during this exercise. Sweat was collected five times during the exercise with a
Macroduct sweat collector. Analysis was then performed on sweat rate and salts in the lab
with an lon Chromatograph (Metrohm, 818 anion system, 883 cation system).This time
heart rate was measured with a Polar H10 heart rate monitor. Figure 5 shows the increase
in sweat and heart rate with increased resistance. It also clearly shows the drop in both
S0 i when the resistance is
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Participant 2 showed a similar increase in heart rate, but only in the last phase an increase
in sweat rate. This also shows the need for more tests to illuminate individual variations.
Figure 6 shows the concentration of Na* is sweat. This shows a clearer link to heart rate and
sweat rate. Subject 2 displayed a similar pattern.
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The K* concentration appears from initial results to reduce with increased work, as shown
in Figure 7. Subject No. 2 showed an increase in K concentration after exercise. This will
require further measurements, also with more subjects to establish the pattern. At this stage
we were unfortunately not able to detect ammonium yet. Since sample volumes are small
(sometimes less than 10 microl) and concentrations are very low. This will be investigated
further.
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8 Conclusions

This research shows the first experiments on how NH4*, Na*, K* and CI- change during an
incremental exercise. Ammonia concentrations were measured with a gas sensor and
electrolytes were measured in the lon Chromatograph. Further research is needed to draw
conclusions from a physiological point of view and find relations with internal training load.
The measurements show that there is a need for a better sweat collection system, to perform
more reliable measurements. Also, the exercise protocol needs to be improved to test the
relation between lactate in blood and ammonia in sweat during exercise.
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Appendix

Chemical

Pyruvate
Glucose

Lactate

Sodium
Chloride
Potassium
Calcium
Magnesium
Phosphorus
Sulfate
Iodine
Copper
Manganese
Iron

Ammonium
Ammonia
Urea

Amino acids
Uric acids
Creatine
Ethanol

Molecular weight

88.06
180.156

90.08

22.9898
35.453
39.0983
18.039
24.305
30.97
96.06
126.9
63.546
54.94
55.845

18.039
17.031
46.07
X
X
131.13
17.031

ISBN 978-3-8007-4919-5

Concentration [mMM]

42.9 - 67.6*
0.001 -1

5-60

10 - 100

10 - 100
4-24
0.35-1.125
8.23 - 1366*
0-1.5

0.42 -1.77
0.055%*
0.94*
1.092*
1.074 - 35.81*

0.5-8
1.8-4.2
2-6

X

X

15.3 - 144.9%
2.5-22.5

Concentration [ppm]

0.38 - 0.60
0.18 - 180.15

450.40 - 5404.80

229.90 - 2298.98
354.53 - 3545.30
156.39 - 938.36
14 - 45

0.2 -33.2

0-48

40 - 170

0.007

0.06

0.06

0.06 - 2

9.02 - 144.31
30.66 - 71.53
120.12 - 360.36
11-102

0-12

2-19

115.18 - 1036.58

Table A.1 Constituents of sweat in uM
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Trend when exercising

Decrease [9]
Decrease [10]

Decrease [11] [12] [9]

Increase [12] [10]
Increase [12] [10]
Decrease [12] [10]
? [13]
? [14]
? [14]
? [14]
? [14]
? [14]
? [14]
? [14]

Increase [12]

Increase [12] [11] [15]
Increase [11]

? [14]

? [14]

? [14]



