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Abstract: The presence of water in the skin is crucial for maintaining the properties and functions of
the skin, in particular its outermost layer, known as the stratum corneum, which consists of a lipid
barrier. External exposures can affect the skin’s hydration levels and in turn, alter its mechanical and
physical properties. Monitoring these alterations in the skin’s water content can be applicable in clini-
cal, cosmetic, athletic and personal settings. Many techniques measuring this parameter have been
investigated, with electrical-based methods currently being widely used in commercial devices. Fur-
thermore, the exploration of optical techniques to measure hydration is growing due to the outcomes
observed through the penetration of light at differing levels. This paper comprehensively reviews
such measurement techniques, focusing on recent experimental studies and state-of-the-art devices.
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1. Introduction

The fundamental sub-layer of the skin when measuring skin hydration is known as
the stratum corneum. The cells within this layer are embedded in a lipid-filled intercellular
matrix, which allows for the skin surface to have waterproof properties. These lipids
within the intercellular matrix play an important role in the maintenance of the barrier
function and the control of transepidermal water loss (TEWL). Transepidermal water loss
is a widely used method of measuring skin barrier function due to its objective nature. The
preservation of water in the stratum corneum layer is attained through the barrier formed
by the intercellular lamellar lipids and hydrophilic nitrogenous compounds that have the
capability of holding moisture, a key example being natural moisturizing factors (NMFs).
Overall, the principal factors that contribute to hydration level changes in the stratum
corneum are water delivered from the epidermis, perspiration causing the evaporation of
water from the skin surface and the water-holding capacity of the stratum corneum [1].

Skin hydration refers to the water content present within the cells. An increased intake
of water or the use of a topical hydrator permeates the cells with water and improves
the ability of the skin to absorb moisture. On the other hand, skin moisture is related to
trapping the skin’s natural oils via the lipid cells to build its protective barrier and prevent
water loss and dry skin. Moisturisers reduce the evaporation of water, thus minimizing
TEWL. Skin moisture is directly related to conditions and diseases that cause dry skin, such
as eczema. Lastly, body hydration as a whole refers to the overall body water content and
encompasses the processes of dehydration and rehydration, commonly estimated through
alterations in body mass and the tracking of fluid intake and losses [2,3].

The loss of water from the body in terms of management can be separated into
sensible and insensible fluid loss. Sensible fluid loss relates to outputs of the body’s
excretory pathway. These losses are apparent to the senses and therefore can be easily
measured. Sensible loss examples include urine and faeces. On the contrary, insensible,
or non-sensible, fluid loss is not easily recognised by individuals and is thus difficult to
accurately measure. This type of loss has been found to increase in the presence of a disease
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that causes a rise in diffusion from the skin or lungs. Typical examples of insensible fluid
loss are water released from the body during perspiration and respiration [4].

There are many different uses and motivations for the need to measure an individual’s
hydration level [5,6]. An important motivation is hospital monitoring in terms of both
paediatric dehydration assessment and fluid management, and dehydration monitoring in
the elderly. Dehydration occurs when the output of bodily fluids is greater than the input.
Infants are at a higher risk of dehydration due to their higher metabolic rates and higher
water requirements per unit of weight than the average adult. The standard measurement
method for dehydration diagnosis is the comparison of body weight before and after
rehydration; however, the National Institute for Health and Care Excellence (NICE) have
developed guidelines based on the assessment of clinical symptoms to detect and assess
infant dehydration and shock [5]. Currently, there is no device with the capability to
provide a direct measure of hydration in hospitalised infants and children.

On the contrary, elderly individuals are more prone to dehydration due to a higher
susceptibility to disease states and physiological changes due to ageing. Moreover, the
total water content in the body sees a reduction of 10-15% in the elderly, therefore making
them more vulnerable to small fluctuations in water volume. The standard measure of
dehydration in the elderly is fluid intake monitoring, since there is no basic, non-invasive
method or device for measuring their hydration levels [7]. As individuals age, thirst
becomes a poorer indicator for our fluid requirements. Therefore, thirst mechanisms are
suggested to not always be a good indicator of dehydration. The intake of water relieves
the sensation of thirst prior to the fluid replacement of the body being attained. This is also
relevant in terms of athletes, as insufficient hydration can lead to impaired performance
and poor body temperature and sweat regulation [8].

Another approach to the importance of skin hydration measurement techniques is the
use in cosmetics [9,10]. Skin care companies have developed hydrators and moisturisers
for both general usage and to aid individuals with skin conditions and diseases. Such
skin conditions include eczema, psoriasis, xerosis and sun damage, with moisturisers and
topical treatments aiming to reduce the skin effects of these conditions by providing a
protective barrier to reduce water loss. Individuals suffering from eczema have a damaged
skin barrier, therefore increasing their skin sensitivity to allergens and irritants and reducing
the ability to retain water. Skin moisture can be measured with methodologies such as
visual analysis, TEWL measurements or electrical-based techniques.

The measurement of skin hydration can also be beneficial for real-time monitoring
in sports and fitness devices. The use of wearable devices that can monitor this measure
would allow for the enhancement of an athlete’s hydration strategy and the optimisation of
their performance through tracking and gaining an understanding of their personalised
hydration needs. The typical sensors in these fitness-related devices are typically based
on measuring the changes in the electrolytes in sweat over time or they can use electrical
or optical sensors to measure hydration at a cellular level. Additionally, the need for
portable devices is increasing significantly due to ease of use without specialist or hospital
requirements [11]. Conducting research on the development of devices that allow for the
measurement of skin hydration builds on the limited state of the art currently available
within this area.

There are multiple techniques that can be used for the assessment of skin hydration [12].
Methods based on the electrical properties of tissue and water (henceforth termed as
“electrical methods” or “electrical sensing” in this paper), such as the measurement of
skin capacitance and conductance levels, are based on the concept that alterations in the
electrical properties of the stratum corneum layer signify differing skin hydration levels.
An alternative sensing approach involves interrogating the optical properties of tissues
(henceforth termed as “optical methods” or “optical sensing” in this paper), including the
use of near-infrared spectroscopy (NIRS). The latter involves the analysis of spectra within
the near-infrared wavelength range, since intensities in the NIR spectrum of the skin consist
of absorption bands directly related to its water content.
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The aim of this paper is to comprehensively review the recent advances in developed
sensors and wearable devices that utilise electrical and/or optical techniques to non-
invasively measure skin hydration levels. The concept of combining techniques for multi-
modal properties will be discussed and comparisons will be drawn on the advantages
and disadvantages of both methodologies. In this review, there will primarily be a focus
on experimental studies and a coverage of the current state of the art within the area of
non-invasively measuring skin hydration. As mentioned, the motivation of this paper is to
focus on the differences in measurement techniques in relation to accuracy, both in isolation
and when combined. The idea of these devices being wearable will aid the real-time usage
and provide a more portable and widely used device for use in various applications relating
to skin hydration. Figure 1 illustrates a timeline detailing the chronological evolution of
the fundamental techniques used in the measurement of skin hydration [13,14].
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Figure 1. Timeline detailing evolution of skin hydration measurement techniques.

2. Methodology

Direct searches for identifying literature were made on PubMed, Google Scholar, Sci-
ence Direct, City, University of London Library and MDPI. The stationary words used
for the search criteria included “(skin hydration) AND (optical)” or “(skin hydration)
AND (electrical)”. Additional key words such as “skin moisture”, “skin water content”,
“NIRS”, “skin conductance” and “skin impedance” were also used within the search
criteria. The inclusion criteria also comprised studies that involved in vitro and in vivo
experimentation, with only human adults being used as the participant criteria for these

studies. Furthermore, all publication types were considered with more focus on scien-
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tific experimental papers. Publications into skin hydration that did not include the use
of an optical or electrical-based measurement technique were excluded. There was no
specific time period restriction placed on the search; however, papers within the last
decade were prioritised for a more profound analysis in this review paper. Results show-
ing in a language other than English and also duplicate papers were omitted. These
searches were performed continuously until 1 March 2022. Google Scholar yielded a high
output of results, with 18,600 relevant publications related to optical measurements and
18,500 in relation to electrical measurements within the last decade. Thus, this was or-
dered in terms of date and only a subset of the more recent and relevant publications
was selected. PubMed was the primary source used for the analysis of publications,
with 121 optical related results and 358 electrical related results, again within the last
decade, which were also screened for relevancy. The split of relevant publications is seen
in the charts below in Figure 2 (bottom) and the leading publications and experimental
studies used in this review paper are summarised in Appendix A. Figure 2 (top) illus-
trates a PRISMA flow diagram denoting the selection of studies and its progression from
the databases.
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Figure 2. Top: PRISMA flow diagram of yielded database searches. Bottom: Bar charts to show split
of relevant publications appearing from 2 primary search sources.

3. Optical Sensing
3.1. Optical Imaging and Near-Infrared Spectroscopy

Optical imaging uses light to obtain and investigate images for medical applications.
These images are typically produced within the ultraviolet to near-infrared wavelength
region. Some common examples of optical imaging methods are optical microscopy,
Doppler imaging and optical coherence tomography. Diffusive optical imaging utilises
fluorescent-based techniques or near-infrared spectroscopy. This type of optical imaging
refers to diffuse light that penetrates tissue at various projections [15].

Near-infrared spectroscopy (NIRS) covers the 780-2500 nm wavelength region of the
electromagnetic spectrum and provides information on the perfusion of tissues. This is
achieved through the measurement of light absorbance to monitor tissue oxygenation. This
technique was initially used solely for the assessment of oxygen saturation in the brain
but is more widely used for the analysis of other bodily tissues. An advantage of imaging
within the NIR region is the high penetration depth into a sample in comparison to imaging
in the mid infrared range. Although the sensitivity of this technique can be depicted as
relatively high, there is the disadvantage of overlapping of broad absorption bands that
would consequently require a mathematical data analysis. NIRS is based upon combination
and overtone bands due to molecular vibrations, and as such, the bands visualised in the
NIR region are characteristically broad and yield complex absorption spectra. To overcome
this, multi-variate calibration methods are required to extract relevant information for
subsequent analysis [16,17].

The typical NIR spectra of human skin consists of absorption bands that relate directly
to water. The intensities within the absorption spectra have been found to be directly
proportional to the skin water content. Thus, the given NIR spectra have the capability
of differentiating various types of water in the stratum corneum layer of the skin. The
absorption spectra of water in the near-infrared region consists of significant peaks, with
two prominent peaks at 1920 nm and 1450 nm. The peak present at 1920 nm is the
combination band from the OH stretch and HOH bands, whilst the peak at 1450 nm is the
overtone band of the OH stretching. There are also additional weaker bands, for example
around 1700 nm, due to the alkyl CH groups present in lipids and proteins within the skin.
NIRS has the ability to directly detect water content in the skin through an analysis of the
intensities of these combination and overtone bands within the NIR region [18].
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3.2. The Use of Recent Optical Techniques in Skin Composition Studies

There are different optical techniques that have, more recently, been used to investigate
the hydration levels of the skin. Some include confocal Raman spectroscopy, optical coher-
ence tomography, speckle patterns analysis using optical tissue probing and optoacoustic
monitoring. Another technique is near-infrared spectroscopy, which will later be discussed
in more detail.

Ruini et al. [19] conducted an in vivo examination into the effect of moisturisers
on human skin using both confocal Raman spectroscopy (CRS) and optical coherence
tomography (OCT). The OCT device that was used was VivoSight (Michelson Diagnostics
Limited, Maidstone, UK), which functions at a centre wavelength of 1305 nm and can
achieve a penetration depth of 1.5-2 mm, producing two-dimensional cross-sectional
images. Subsequent to analysis, the optical attenuation coefficient (AC) was found to be
lower on more hydrated skin and would appear darker on OCT images in comparison to
dry skin. CRS was performed on the gen2 Skin Composition Analyser (RiverD, Rotterdam,
The Netherlands), which uses vibrational spectroscopy constructed on the principle of
the inelastic scattering of light photons. This method gives the capability for analysis of
molecular compositions and can therefore provide quantitative concentration profiles of the
compounds in the stratum corneum, such as skin water content. The in vivo experiment
involved 20 subjects with healthy skin, whereby measurements were taken before and
after a two-week application of moisturiser on one forearm, and the other forearm acting
as a control measurement. Following moisturisation, the results presented a positive
correlation with water content along with increased epidermal thickness; however, a
strong significance was not conveyed (p = 0.41). These results support the hypothesis
that moisturisation primarily affects deeper epidermal layers more so than the SC layer.
To conclude, it was established that the short-term application of moisturisers may be
insufficient to achieve significant alterations in skin composition and morphology. This
also suggests the need for multi-modal methodologies to accurately assess hydration levels
of the SC.

The use of optical tissue probing with speckle patterns analysis can also be used
as a technique to detect human skin hydration. This involves the temporal tracking of
back-reflected speckle patterns while applying illumination and episodic vibrations. An
optical system using this method was developed by Kelman et al. [20] and tested against
the Corneometer® (Courage and Khazaka, Cologne, Germany). Speckle patterns were
obtained from an area of skin near to the centre of illumination to permit information from
a smaller penetration depth, since it is associated with less-scattered light. The developed
device is shown in Figure 3.

The in vivo experiment involved a range of dry to moist skin through the application
of moisturiser on the volar arm, with measurements taken every 30 min across 3 h. The
results showed that after the application of moisturiser, the optical signature displayed a
significant decrease over time from the dry skin signature. Furthermore, it was also found
that the higher the level of moisture, the faster the acoustic wave faded. With the calculation
of the Pearson correlation coefficient, a negative correlation was identified between the
trends of both instruments of R = —0.87. Unlike with the Corneometer, the developed
optical system illustrated a large range of hydration readings and a high sensitivity for the
identification of high hydration levels [20].

Perkov et al. [21] conducted studies on both gelatine tissue phantoms and human
skin to investigate the monitoring of water content using optoacoustic (OA) methods.
This particular technique is suggested to have a high resolution and contrast, due to the
combination of ultrasound and optical methodologies, as well as a significant penetration
depth for its probes, thus making it extremely appropriate for the monitoring of skin
water content. The typical experimental setup for these measurements includes lasers
emitted from a fibre bundle and an optical transducer connected to an oscilloscope, as
seen in Figure 4. Through the analysis of the acquired OA signals, an evident second
peak was discovered at a depth of 2 mm, which signified that the signals originate from
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subcutaneous tissue, since this tissue is found to have a higher water content than more
superficial layers of the skin. The conducted in vivo experiments established the capability
of the optoacoustic technique to effectively detect signals generated by water absorption in
different skin layers [21].

lllumination applied to

skin surface from laser

Tissue manually vibrated

by CVS excitation

Figure 3. The experimental instrument for the optical setup, extracting the optical parameter to be
compared to the Corneometer® probe measuring capacitance. Modified from Kelman et al. [20].
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Figure 4. Experimental setup for OA measurements in the human wrist in the transmission mode
and the reflection mode—modified from Perkov et al. [21].

In addition, Imhof et al. [22,23] conducted multiple in vivo experiments using op-
tothermal methods to measure the hydration of the SC. A more novel technique they have
used is the combination of opto-thermal radiometry and condenser-chamber TEWL. This
allows for measurements of both SC surface hydration and evaporimetry, thus providing
information on how the water diffusion coefficient depends on SC hydration.

3.3. The Use of NIRS in Skin Hydration Studies

In skin hydration studies, in vitro and in vivo hydration investigations are typically
carried out on porcine skin and human participants, respectively. Qassem [13] conducted a
study which investigated the properties of the stratum corneum in the NIR region of the EM
spectrum and visualised the water characteristics in this layer using a spectrophotometer.
The results of the in vitro experiments displayed two large peaks in both the water and
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porcine skin spectra at approximately 1450 nm and 1920 nm, with that of the porcine skin
having an upward shift. This is due to porcine skin having a higher absorption coefficient
for light than water. The existence of these peaks in the porcine skin spectra confirmed the
presence of water in the samples. The results for the in vivo experiments showed peaks
at 1450 nm and 1920 nm as expected, with the intensity at a lower magnitude than that
of water. Beyond 1900 nm, the spectra exhibited high background interference due to the
increase in penetration depth. This confirmed that deeper tissue is more saturated with
water, thus having a higher absorptivity than more superficial skin layers. It was found
that even though the probe being in direct contact with the skin allowed for water bands
to be more clearly identified, this condition can lead to occlusion; therefore, non-contact
readings are preferred. Moreover, a single fibre detector with a six-fibre source allowed for
the most reliable and evident readings to be acquired.

A study with a similar methodology and measurement principle conducted by
Kilpatrick-Liverman et al. [24] determined differences in the skin water content by measur-
ing the absorption spectra using an NIR spectrophotometer with an optical fibre probe as
well. The influence of relative humidity (RH) on skin water content was assessed via an
in vitro experiment involving porcine skin equilibrated in desiccators containing saturated
salt solutions at different concentrations. Gravimetric readings were then taken to measure
the weight loss due to dehydration, which was utilised to calculate the percentage of water
uptake. It was found that as the RH was decreased, lower water content was recorded in
the skin. This result was established due to the area under the 1936 nm band being highest
for skin that was equilibrated at 100% RH and lowest at 11% RH. Additionally, the effect of
relative humidity (RH) and moisturisers on skin water content was evaluated by product
application to participants in various in vivo experiments. In vivo experiments included
studying the clinical effect of %RH changes via washing skin exclusively with water, the
effect of humectants and the effect of a choline spray on skin water content. Readings
were taken using the Skicon® and NIR measurements and the obtained data analysed
with paired t-tests comparing the changes from baseline readings. A direct correlation of
R = 0.83 was observed between the %RH and NIR readings. It was concluded, from the
results of the in vivo investigations, that products containing substances such as wax and
oils smooth the surface of skin, which increased the beam penetration depth. Although
these moisturizing products are implied to increase skin water content, they primarily
increase the sampling volume due to this increased beam penetration.

Similarly, Arimoto and Egawa [14] conducted a study investigating measurements of
non-contact skin moisture using NIR spectroscopy. In vitro experiments were carried out
using porcine skin to explore the relationship between absorbance spectra peaks and water
content. In vivo experiments collected diffuse reflected spectra using an optical fibre probe
on skin. The measured spectra from these investigations were analysed with multiple
linear regression (MLR) and partial-least squares (PLS) regression. These results were then
compared to recordings obtained using a capacitance method. The results showed that the
recorded measurement depth is highly dependent on the absorption of water, with deeper
penetration present in spectral regions with weak water absorption. Moreover, this was
found to be greater than the depth measured via the capacitance method. Correlations
between water content and the second derivative were found to be highly significant at
0.99 and 0.98.

Furthermore, a subsequent study was conducted investigating the measurement of wa-
ter content distribution in the skin [25]. This involved using confocal Raman spectroscopy
to measure the vertical distribution of water in the skin. An estimation of the sensitivity of
skin water content measurements were measured as well as an in vivo experiment to obtain
NIR spectra. The skin water content was measured immediately after the application of a
wet pad and again after 5 min. When the skin was moist, the water content was shown
to decrease from the skin surface to a depth of 5-10 um. Moreover, the water content
at the skin surface was lower for the immediate recording. Beyond 5-10 pm, both water
content recordings were almost identical. The imaging portion of the investigation involved
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an in vivo experiment that visualised the distribution of the skin water content at three
different wavelengths. At a wavelength of 1300 nm, the pixel value was stagnant for 5 min
after the removal of the wet pad. At 1462 nm, half the participants presented an increase
up to 1 min, then a subsequent plateau. At 1950 nm, all participants displayed an increase
up to 1 min, then again, a subsequent plateau. These results convey that a wavelength of
1950 nm had the highest sensitivity to changes in skin surface water content. Although
there were absorption peaks at both 1950 nm and 1462 nm in the NIR spectral range, the
pixel value variation at 1462 nm was smaller.

Alongside such studies, the effect of moisturisation on the skin is also focused on in
the field of skin hydration measurements. A study by Qassem and Kyriacou [26] assessed
the optical properties of the skin following water contact and the application of moisturiser
using a spectrophotometer with a fibre optic probe. The resulting spectra as an average of all
the participants recorded prior to water or moisturiser application displayed higher peaks
of bands near 1450 nm and 1780 nm. This response was similarly seen when comparing
individuals who frequently moisturise and do not moisturise. Results for participants with
dry skin were observed to be most contradictory to those with normal skin, regardless of
moisturisation. This suggests non-conformities in the barrier function characteristics of the
skin and an increase in sensitivity with dry skin.

The advancement into the development of sensors contained within a built device is
becoming more prevalent, as well as investigations into the use of multiple wavelengths
when conducting optical related experiments. For example, Mamouei et al. [27] designed
and developed a multi-wavelength optical sensor to measure dermal water content. The
sensor consisted of two separate modules: the probe containing four LEDs, a photodiode
and a transimpedance amplifier, and the main module. The main module encapsulated
an analogue to digital converters (ADCs), current sources and also a connection to a
USB port for data transfer via an Arduino microprocessor. Samples of porcine skin were
prepared in an environmental chamber at 96% relative humidity and 25 °C for 48 h and
then a desorption test was conducted that simultaneously measured the optical absorbance
obtained from the developed sensor together with the sample weight. The designed
prototype for the optical sensor used in this experiment is illustrated in Figure 5.

Figure 5. Developed prototype for optical sensor, consisting of four LED wavelengths and one
photodiode [27].

A further study was conducted using the same developed optical hydration sensor [28].
An in vitro experiment was performed on porcine skin to compare the developed sensor
with a spectrophotometer to determine its performance and efficacy, with the reference
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being an electronic precision balance for gravimetric measurements. These weight readings
served as a reference value for the water content in the sample, whilst the spectrophotome-
ters reflectance spectra were used to benchmark the optical measurements. The porcine
skin was segmented and inserted into an environmental chamber at 96% relative humidity
and 25 °C. For conducting the measurements, both the probe from the developed sensor
and the fibre optic probe from the spectrophotometer were placed and secured on to the
skin surface. Both optical and weight recordings were obtained throughout a 3 h period.
There was a high agreement between the absorbance results from the developed hydration
sensor and the spectrophotometer, with both weight and absorption presenting a decrease
as the water content diminished. Furthermore, optical measurements at the 1450 nm band
displayed a higher sensitivity to water content variations. These comparisons indicate that
the developed sensor exceeded the prediction accuracy of the spectrophotometer. Future
investigations on the developed sensor would involve the addition of in vivo studies to
assess its performance on human skin and examining the measurement accuracy when
different skin types are considered.

Studies with developed optical sensors were found to be comparable to standard
spectrophotometers, with prominent water peaks of their absorption spectra typically
expressing in its correct wavelength regions. An increase in skin hydration led to a rise in
the magnitude of these spectral peaks and direct correlations between water content and
NIR readings. It has also been proposed that multi-wavelength near-infrared (NIR) optical
sensors can exceed the accuracy of the standard NIR spectrophotometer with an increased
sensitivity to minor alterations in the water content within the SC, in particular at higher
wavelengths towards 1950 nm.

4. Electrical Sensing
4.1. Capacitance, Conductance and Bio-Impedance

Skin properties can be acquired by the analysis of its electrical parameters. A sim-
plified lumped-impedance electrical model is considered, in which skin acts as a resistor
placed in parallel to a capacitor. This model can be used to calculate the impedance val-
ues of the skin. Other electrical parameters, such as capacitance and conductance, can
also be established via impedimetric devices, where electrodes are used with an applied
alternating current [29].

The majority of the commercial devices used for assessing skin hydration are based on
capacitive measurement techniques, with the gold standard device being the Corneometer®
(Courage and Khazaka, Cologne, Germany) [29-31]. The capacitance is recorded via two
charged electrode plates creating an electric field, with the maximum charge produced
being the measured capacitance value. A dielectric medium, such as the skin, being placed
between the charged electrodes allows the capacitance to vary according to its permittivity.
Water has a high dielectric constant of approximately 80, with a high dielectric constant
relating to the ability of more charge being stored. Therefore, increasing skin water content
is directly proportional to skin capacitance. Therefore, a highly hydrated stratum corneum
would present a higher capacitance reading due to an increase in the induction of the
dielectric constant. These electrical acquisitions relate to the overall skin hydration levels
at the time of measurement; however, they do not consider all topographical surface
measurements of the skin.

The skin conductance response, also referred to as the electrodermal activity, measures
an increase in the activity detected by the sympathetic response system in response to a
stimulus. This response acts as a method to measure the skin conductance, which varies
according to moisture levels. Skin will momentarily alter its level of conductivity depending
on the arousal of the internal or external stimuli. This measure increases linearly with SC
water content [32].

Conversely, the electrical impedance of human skin depends primarily on tempera-
ture and on the transdermal voltage. The stratum corneum is isolated when conducting
impedimetric measurements of skin hydration by the frequency of the alternating current
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being set to low values of around 0.1 to 1000 Hz, since impedance varies as a function of the
frequency. With an increase in its water content, there is a relative increase in the dielectric
constant and conductive pathways, which is more prevalent initially and then followed by
a more subtle change over time. Thus, a decrease in impedance is observed as a function of
SC water content [33-37].

4.2. The Use of Capacitance and Conductance in Skin Hydration Studies

A study that used capacitance as its measurement technique was conducted by
Logger et al. [38], who investigated the anatomical site variation of water in the stratum
corneum layer. The Epsilon (Biox Systems, London, UK), see Figure 6, was utilised for
measurements, which records the skin capacitance and is essentially like the Corneometer
device with multiple electrode pairs in comparison to the conventional single pair sen-
sor. This design allows for multiple measurements to occur simultaneously. There were
significant differences found in water content, with interindividual variations in terms
of respective body locations, the largest being the cheek and smallest being the mid-calf
region. The resulting values obtained from the Epsilon device were lower than conventional
Corneometers outputs but followed a similar trend with p < 0.001.

Figure 6. Left: The Epsilon instrument (Biox systems) with its in vivo parking stand; metal bezel can
be seen on its head. Right: Typical contact image of the inner forearm skin and a contact image of the
skin on the face with visible sweat gland activity—modified from Logger et al. [38].

In a more novel use of capacitive measurement principles, Flament et al. [39] developed
a device named the Skin Hydration Sensor Patch (SHSP) that used a user’s smartphone
to measure skin moisture in a wireless manner. It combined capacitive techniques and
near-field communication (NFC) technology to allow for the self-testing of skin hydration
via a probe attached to the back of a phone and recorded data were transmitted to a
smartphone. A study was conducted to compare this device to the reference Corneometer,
where the results presented a high correlation of r = 0.55 and p < 0.0001 between the
methods. A further in vivo experiment consisted of participants with dermatologically
assessed moderate dry skin, following the application of a hydrating Xanthane-based
gel. The results showed that the values obtained from the SHSP had a strong positive
correlation when compared to the Corneometer device output. In terms of the differences
in hydration between differing skin sites, the face was found to have a lower hydration
level than the forearm, with recordings from the face exhibiting a higher variability. Both
skin sites presented similar trends subsequent to the application of the gel product, with
hydration levels displaying a significant increase followed by a progressive decline in
hydration across time. The hydration of the face expressed a higher amplitude, suggesting
a differing requirement for hydration dependent on the skin region.

Another device that obtains capacitive measurements via an imaging technique called
in vivo mapping is known as the SkinChip® (L'Oréal, Paris, France). Developed by
D Batisse et al., the device works by using the capacitance method to obtain compo-
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nents from the grey-level histogram of skin images to provide a non-optical representation
of skin hydration [40]. Results from experiments displayed a linear correlation that is
shown to be highly significant (p < 0.000) between the Corneometer recordings and the
grey levels measured by the SkinChip device. Such devices have the ability to express the
texture diversity of the skin surface, enabling the inhomogeneity of the skin hydration to
be studied.

Skin conductance, in addition to transepidermal water loss (TEWL) and skin elastic-
ity, can be examined as an index of the barrier function of skin. A study conducted by
Nishimura et al. [41] investigated the effect of fine water particles on the moisture and
viscoelasticity of facial skin. Skin conductance was recorded using the SKICON, TEWL by
the Vapometer and skin distention by the Cutometer, at the cheek every 60 min. Participants
were tested between three test conditions, each consisting of water particles of different
sizes. It was found that the skin conductance of the stratum corneum was higher with
smaller water particles. At a 120 min interval after spraying the water particles, the con-
ductance was significantly increased in comparison with its baseline under all conditions.
As these water particles were small in diameter and non-charged, they could permeate
intercellular spaces in the epidermal layer through to the dermal layer of skin and maintain
water retention.

Additionally, Andre et al. [42] developed a conductance-based device known as
the Moisture Evaluator that is used to directly measure skin hydration during object
manipulation. The probe of the device consists of gold-covered electrodes connected to a
resistor—capacitor circuit to measure the hydration levels of skin based on the conductance
principle