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Abstract— The emergence of wearable and remote sensing devices
in e-health has revolutionized personalized healthcare monitoring,
but the field of dermatology has yet to withess significant progress
in this area. The diagnosis and monitoring of atopic dermatitis
(AD), a common skin disease causing inflammation and rashes,
depend on in-person assessment, leading to subjective evaluations
and treatment procedures. This work presents a novel interdigitated
capacitive (IDC) sensor, specifically designed to detect biomarkers
of AD and to empirically estimate the severity of the condition. The
design was proven by finite element analysis software to detect only
biomarkers of AD — dehydration of the outermost skin layer. The
IDC sensor has a compact and flexible footprint (sensing area of
around 40 mm?), it is compatible with a wearable and non-invasive
system, and can be used to remotely gather localized data about
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the condition. To calibrate its measurements a novel hydration-gradient skin-mimicking phantom was developed, which
simulates varying skin hydration conditions on the same substrate. The sensor is compared against a commercial
skin hydration device and its sensitivity is mapped against the arbitrary units of the commercial device, resulting in
a normalized capacitance sensitivity of 13.1 pF/cm? per 1 A.U. This novel IDC sensor is the first sensor to accurately
measure the permittivity of specific layers of the skin. Its bespoke design is the main enabler of the outermost layer’s
permittivity to be isolated from the skin. This presents promising prospects for remote patient care, enabling accurate
diagnosis, treatment monitoring, and personalized interventions for AD.

Index Terms— interdigitated sensors, interdigitated capacitors, skin hydration, flexible wearable sensors, atopic dermati-

tis, skin phantom, stratum corneum permittivity

[. INTRODUCTION

N recent years, there has been a growing focus on develop-

ing wearable and remote sensing devices for personalized,
in-home healthcare monitoring [1]. This has been driven by
advances in information and communication technologies,
commonly referred to as e-health” or digital health [2], [3]. It
encompasses a wide array of services, including remote condi-
tion and treatment monitoring, online specialist consultations
and diagnoses, efficient storage and organization of patients’
medical records, and online prescription of medication. Offer-
ing specialized medical care and guidance through mobile IoT
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systems is particularly advantageous for individuals living in
rural or remote areas or for patients who cannot travel outside
their homes.

The field of dermatology and the study of skin conditions
and inflammation have not yet experienced significant ad-
vances in e-health and mobile monitoring [4]. Common skin
diseases like atopic dermatitis (AD) still require in-person
diagnosis and monitoring by a dermatologist at a hospital. Fur-
thermore, in medical practices, there is no empirical method
used to assess the condition, relying solely on the observation
of the dermatologist, and there is no universally accepted
treatment procedure, demonstrating again an inherent risk of
subjectivity that can result in misdiagnosis or mistreatment [5],
[6]. This emphasizes the necessity for a novel device that can
remotely quantify the severity of the patient’s condition, mon-
itor its treatment for prolonged periods of time and ultimately
be able to assist diagnosis of the disease. Such a device must
be low-cost, compact, and non-invasive or wearable, to align
with the daily routine of the patient.

Atopic dermatitis is a chronic skin condition, characterized
by relapsing skin inflammation and pruritus (itchy skin),
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which can cause the skin to appear red, swollen, scaled or
vesiculated (have small vesicles on surface) [7]. There isn’t a
single confirmed factor contributing to the development of the
disease, but it is widely accepted that it is due to a dysfunction
in the outermost layer of the skin called the epidermis (EP),
particularly in the disruption of the epithelial barrier, which
is the main protective barrier against skin desiccation and
environmental influences. The EP is composed of the stratum
corneum (SC) and the viable epidermis (also known as stratum
basale). The SC is where the epithelial barrier resides and it
consists of tightly packed corneocyte cells, formed by skin
keratin filaments enclosed within a protein envelope [8]. In
healthy skin, these cells provide flexibility, durability, and
resistance to tissue damage or diseases. In AD, the proteins
responsible for regulating cellular adhesion and structure are
deficient, which compromises the integrity of the barrier [9],
[10]. This leads to an increase in water evaporation from the
skin and subsequent severe dehydration of the outermost layer,
a biomarker known as transepidermal water loss (TEWL).
Fig. 1 visualizes the differences between healthy and AD
skin — the breached barrier makes the skin more susceptible
to environmental triggers such as allergens and microbes,
which cause visual symptoms such as redness, irritation, and
inflammation [11].
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Fig. 1: Comparison of cellular structure in healthy skin versus
skin with AD. Breaches in the skin barrier result in excessive
water evaporation and a decrease in cell size.

There are methods that can be used to reduce subjectivity
in the assessment of the severity of AD — from in vivo clinical
examinations and tests to telemedical and non-invasive sensors
for the different biomarkers of the condition, but none of them
have been accepted as a medical practice within a diagnostic
criterion for AD [12]-[20]. Furthermore, these methods all
feature a trade-off between accuracy and mobility — as the
most decisive of them, medical testing, does not fall in line
with e-health and wearable technologies, and the ones that
fulfill that criteria, telemedical sensors, lack the precision to
be used for AD diagnosis. Todorov et al. have presented a
comprehensive review of the topic, highlighting not only the
current practices but also promising future technologies that
can assist AD diagnosis [4].

Previous skin sensors in the literature are not optimized

for quantifying AD biomarkers, because they consider the
dielectric properties (permittivity) of the skin as a whole, rather
than isolating detection of the outermost layers (SC and EP),
where the AD biomarkers are present [16], [21]-[24]. The
permittivity of the SC has not been empirically measured in
the literature and the electric field penetration depth of current
electrode skin sensors is rarely investigated, as there is no
sensor designed specifically to measure within the outermost
layers of the skin.

This paper presents a flexible sensor, designed specifically
for the novel application of detecting biomarkers of AD,
ultimately assisting in the empirical estimation of the severity
of the condition and its distinction from other similar condi-
tions. The biomarker in question is the dehydration of the
outermost skin layers, caused by the escapement of water
molecules through the broken SC barrier. The sensor monitors
the dielectric properties of the skin using an interdigitated
capacitor (IDC), which has been designed to increase the
sensitivity while maintaining a penetration depth between the
SC and the EP layers. Finite element analysis was used to
confirm the validity of the electric field penetration depth.
The simulated and experimental results verify the sensitivity to
changes in hydration within the SC and the EP. The operation
of the sensor and the simulation of its response is presented
in section II. A unique skin phantom that mimics severely dry
skin has also been developed to test the sensor, the fabrication
of which is described in section III, alongside the experimental
procedure and the manufacturing of the sensor itself. The
sensor has been fabricated on a flexible substrate enabling ease
of application on curved surfaces. The last sections present the
results of the experiments along with a discussion and a future
outlook on the field.

[1. IDC SENSOR OPERATION AND DESIGN
A. Operating Principle

Decreased water concentration within the SC and EP is
a valid biomarker for the condition, as Martin et al. have
correlated increased dryness and TEWL values to a decrease
in size of the cells composing the SC barrier, and a lower
concentration of water molecules below that barrier, in the
EP [25]. The presence of free water molecules within the
SC and the EP affects not only the chemical structure of
the layers but also their dielectric properties. High water
content in the SC increases the number of ionic pathways
for electrons, by introducing more dipoles, thus enhancing
the skin’s response to applied electrical signals and elevating
the amount of electrical energy that can be stored [26]. The
SC layer can be thought of as a dielectric material, which
when subjected to an electric field is polarized to a specific
extent, determined by the permittivity and conductivity values.
This can be empirically measured by circuit parameters such
as resistance and capacitance, commonly grouped as complex
impedance. Multiple studies have determined that skin exposed
to moisturizing conditions exhibits reduced resistance and
increased capacitance values compared to dry skin [15], [27].
Application of humectant or moisturizing cream enhances the
skin’s barrier properties, leading to an improved water reten-
tion within the SC, which is why it is commonly administered
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A) Front view of the electrode B) Side view of the electrode
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TABLE I: DIMENSIONS AND PARAMETERS USED IN
THE COMSOL SIMULATION ALONG WITH VALUES
THEY TAKE DURING THE STUDIES

Epidermis

Fig. 2: Generic layout of the IDC sensor used. A) Plan view
of the IDC, where an N number of electrode fingers are
alternated in a particular pattern. B) Side view of the electrode
with notation on the different components and terminology
along with illustrative lines indicating the effect of the electric
field. The Finger Gap (G) is the separation distance between
neighboring electrode fingers and the Finger Width (FW) is
the lateral width of a single electrode finger. Image not to
scale.

as a remedy against symptoms of AD [25]. This study focuses
on the drier spectrum, without the application of a humectant
used in many other studies to elicit a response, to distinguish
between AD and non-AD skin.

An interdigitated capacitive sensor is chosen as the mea-
surement device, as its structure can be tailored to fit the
specific needs of the study. It consists of two pairs of comb-
patterned electrodes that are distanced by a specific gap —
shown in Fig. 2 A). A cross-section of the electrode against
the skin is presented in Fig. 2 B). An alternating electric
field is applied to the skin by connecting one electrode to an
alternating voltage source and grounding the other electrode.
The penetration depth of the electric field must align with
the depth of the SC and EP layers, which is around 25 —
150 um, in order to achieve the highest sensitivity to dielec-
tric changes within those layers [8]. General theory in the
literature suggests that smaller gaps between electrodes result
in shallower measurements [15], [28]-[30]. This is because
at small electrode separation, most of the electric field lines
penetrate at a depth close to the surface. Thus, the resistance
and capacitance components of shallower layers have a greater
effect, but there is little verification regarding that claim, so the
authors have conducted finite element analysis on the design
to explore the validity of the proposed sensor for monitoring
AD.

B. Finite Element Analysis

COMSOL Multiphysics® software was used to perform
Finite Element Analysis (FEA) of the sensor to explore the
geometric factors for the purposes of this application. A sensor
with a high sensitivity to changes in the SC and EP layers
and a shallow penetration depth of around 25 — 150 um was
the goal of the study. A parametric sweep time stationary
study with the electrostatics module was used with varying
relative permittivities of the skin layers, simulating different
hydration levels. A 3D model of a skin block with 3 layers
(SC, EP, and dermis (DR)), was introduced. The thickness of

Dimension Type Value(s)

Relative Permittivity Parameter 100, 200, 500, 1000, 2000, 5000
Gap (G) Variable 100, 200, 800, 1600 um

Finger Width (FW) Variable 100, 200, 800, 1600 um
Number of Fingers (N) | Variable 32,16, 4,2

Finger Length Constant 6mm

Sensor Area Constant 0.384 mm?

Electrode Thickness Constant 18 um

each layer was 25, 150, and 1000 pum respectively, according
to the literature [8]. To obtain values of the relative permittivity
of the skin, the database presented by Gabriel et al. was used,
which is the only study in the literature featuring frequency-
coupled permittivity values for wet and dry skin [31]. Using
the database in the region 1-100 kHz, values for extremely
dry skin were extrapolated and were applied individually to
each skin layer, following a method by Yao et al. [26]. The
range of permittivity values used is presented in Table I,
where the values of 1000 and 5000 were taken from Gabriel’s
database as the permittivity of normal dry (non-moisturized)
and wetted (extra hydrated) skin at 1000 Hz, respectively. The
extrapolated values for the relative permittivity of dry skin are
therefore 100, 200, and 500.

The dimensions of the IDC affect the capacitance output and
the penetration depth. To achieve consistency in the results
the area of each IDC was kept constant, as the only varied
parameters were the gap (G), the finger width (FW), and the
number of fingers (N), which were changed proportionally. An
IDC with G and FW both equal to 100 pum had 32 fingers;
an IDC with G and FW both equal to 200 um had 16 fingers
and so on. The full set of simulated parameters is presented
in order in Table 1.

Copper was used as the electrode material and a 1 V
harmonic perturbation signal was applied. The study was
performed by varying the permittivity value (i.e. level of hy-
dration) in the different layers and measuring the capacitance
across the electrodes. When one skin layer’s permittivity was
varied, the other two were kept constant at 1000, and this study
was performed for each of the different IDC sizes. The initial
results agreed with the literature: the G100 N32 IDC and the
G200 N16 IDC observed the highest change in capacitance per
change in dielectric permittivity across the SC and EP layers.
These two IDCs also showed the least sensitivity towards
permittivity changes in the DR layer, indicating the effective
measurement depth is shallower. The inverse behavior was
observed when testing the larger gap IDCs. Fig. 3 A) and
B) exemplify this relationship.

To further strengthen this argument, the intensity of the
electric field along the z-axis inside the skin is measured as
the permittivity of each layer is varied individually. The results
from the G100 FW100 N32 IDC from the SC and the DR
variation, presented in Fig. 4, clearly illustrate that there is
no considerable effect on the electric field within the regions
of interest (SC and EP) arising from changes in the DR.
This means that a narrow gap IDC can serve as a measuring
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Fig. 3: Simulated capacitance versus relative permittivity of
distinct skin layers (SC and DR) for: A) G100 FW100 N32
IDC sensor and B) G1600 FW1600 N2 IDC sensor.
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Fig. 4: Normalized electric field strength along the negative
z-axis/depth of the skin medium for an G100 FW100 N32
IDC. The relative permittivity of A) the SC and B) the DR
are subsequently varied to achieve a difference in response. A
color map of the different skin layers is drawn following the
thickness of each layer.

device for shallow depth hydration monitoring. Thus, the G100
FW100 N32 IDC was chosen as the most optimal design,
tailored specifically for monitoring hydration in AD skin.

An analytical solution was also used to calculate the ca-
pacitance of the IDC using the relative permittivity values
obtained from Gabriel’s database [31]. The theoretical capaci-
tance calculations also serve as closed-form validation for the
COMSOL simulated capacitances. To perform the analysis,
Angkawisittpan et al.’s formulae for the capacitance of an IDC
were used and fitted following the notation of parameters so
far [32]:

C=Cyc(N-1)L €]
K((V1—k2
Cro =l 5 @
G
b= G W ©)

Here Cyc denotes the unit cell capacitance, or the capac-
itance between two neighboring electrode fingers; N is the
number of fingers; L the length of single electrode finger;
- the free space permittivity (8.854 x 107'2 F/m); ¢; - the
relative permittivity of the substrate (polyimide); e; - the
relative permittivity of the skin; and K [x] is a complete elliptic
integral of the first kind. An approximation can be made to
shorten (2): since the permittivity of the skin is much larger

than the permittivity of the substrate (around 3.5), the latter’s
component can be disregarded and thus (2) reduces to:

(ﬁskin)K(\/ ]. — k2)
2 K (k)

Cuc =€ 4)

Using (1), (3) and (4), and the parameters in I, the forward
solution is calculated using MATLAB® software — obtain-
ing capacitance values from relative permittivity/hydration
variation. The value of 1000 was selected for the relative
permittivity of the skin, as in Gabriel et al.’s database it is the
value of normal (non-moisturized) skin [31]. The computed
capacitance was 1083 pF for the G100 N32 IDC, 524 pF for
G200 N16 IDC, and 58 pF for the G1600 N2 IDC, all of which
were very close to the values obtained by the FEA simulation,
thereby confirming its validity.

[1l. METHODOLOGY
A. Fabrication oF IDC

The IDC was manufactured by etching patterns from a
copper-polyimide laminate sheet with copper thickness of
18 um and polyimide thickness of 25 pm (GTS Flexible Ma-
terials Ltd, Gwent, United Kingdom), following a procedure
described in Komolafe et al.’s paper [33], [34]. This substrate
is low-cost, and the copper can easily be patterned using
standard PCB etching techniques.

Three different IDC designs were fabricated, following the
outcome of the FEA simulation in the previous section — a
G100 FW100 N32 IDC, a G200 FW200 N16 IDC and a
scaled-up version (bigger area) — G500 FW500 N10 IDC.
The purpose of the last IDC is to feature a variation in the
sensing area to confirm that boosting the capacitance output by
increasing the area will not affect the sensitivity and the wider
gap size of 500 pm would be more sensitive to the deeper
layers. The first two sensors have an overall sensing area of
38.4 mm?, whereas the last one has an area of 100 mm?. Fig. 5
shows a photograph and an optical micrograph of the IDC.

Fig. 5: Photograph and a micrograph taken using a scanning
electron microscope. The flexibility of the fabricated IDC is
presented in the photograph. The scale on the micrograph is
200 pm.

B. Skin Phantom Preparation

A novel replica of the skin, known as a skin phantom, is
used to mimic the effects of severely dry skin. Skin phantoms
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have been widely used in the literature to test electrode hydra-
tion sensors, but none of them replicate the drier spectrum of
the skin, which is the focus of the phantom presented here. The
phantom features two dielectric layers — the top one, named
the SC layer, mimics the properties of a combined SC and EP
and the bottom one replicates the DR layer. To control the level
of dehydration within the SC layer, the porosity of this layer is
varied by cutting a defined number of holes in it. The hydration
control via porosity and the fabrication method are explained
in detail and adapted from work by Goyal et al. [35]. The top
SC layer has a thickness of 100 um and it consists of a mixture
of PDMS with 2.5% W/W carbon black powder to increase the
conductivity, and 40% W/W Barium Titanate to increase the
permittivity. The bottom DR layer has a thickness of 5 mm,
and it is a PVA cryogel solution developed using 8.8 g of
PVA powder mixed in 50 ml of 0.9% W/W saline solution
(0.9 g of NaCl in 99.1 g of DI water). These specific mixtures
create a soft and flexible phantom that closely resembles the
structure of the skin. In the previous publication by Goyal,
this phantom was measured to have an average impedance of
1 M2 and 10 nF for low frequencies of 10—-1000 Hz [35].

In this work, we implemented a hydration gradient across
a single skin phantom by fabricating regions with different
porosities but with the same underlying hydrated DR layer, so
that the base is consistent among the tests and the variation
relies solely on the SC layer. The different porosities each
correspond to a state of dehydration. A 0% porosity SC layer
means that there are no pores, the phantom is effectively a
pure dielectric, and its behavior is only capacitive. In reality,
skin can never be this dry and will always have some resistive
properties, so this region on the phantom was produced to set
the baseline. A 0.16% porosity SC layer represented very dry
skin and a 0.28% porosity phantom resembled normal dry skin.
The 0.16% porosity layer should approximate the dielectric
behavior of skin with AD. Fig. 6 presents an illustration of
the skin phantom.

Cross-section view

Isometric view

Fig. 6: Isometric and cross-sectional view of the novel fabri-
cated hydration gradient skin phantom. The different hydration
regions are labelled with their corresponding porosity. The
layers of the phantom are labelled in the cross-sectional view
with the SC layer replicating a combined SC and EP and the
DR layer replicating DR and deeper tissues. The image and
number of holes are not to scale.

C. Measurement Setup

To obtain impedance measurements from the IDCs, a
Wayne-Kerr 6500B Impedance Analyzer was used across the

Skin Phantom

Fig. 7: Photograph of the experimental setup.

two terminals of the IDC (Wayne Kerr Electronics, Bognor
Regis, England). The IDCs were individually tested by being
placed directly on top of the SC layer of the skin phantom, and
a 5 N weight was placed on top to ensure constant pressure.
The weight was made of PVA, an insulator, to ensure that it
does not affect the readings. Fig. 7 depicts the experimental
procedure — during testing the IDC was positioned with the
electrodes in contact with the skin phantom and the weight
was placed on top of the IDC. Five measurements on different
sites on the phantom’s surface were taken and an average value
was calculated. Studies were conducted to source readings for
impedance, phase, and capacitance for the frequency band of
100 Hz — 15 MHz.

To verify the measurements, results were compared to
a commercial skin hydration measurement device, a Cor-
neometer® (Courage + Khazaka, Cologne, Germany). The
Corneometer® is widely used as a validation for new hydration
sensors and it is considered the gold standard for the field.

V. RESULTS AND DISCUSSION

The absolute value of complex impedance (|Z|) and phase
(¢) of the IDCs were plotted against frequency for the different
hydration states, expressed in porosity percentages. Figs. 8, 9
and 10 depict the plots of the G100 N32 IDC, the G200 N16
IDC, and the G500 N10 IDC, respectively. The impedance
values were normalized with respect to area, to account for
the dimension differences between the three IDCs. The phase
plots of the 0% porosity for all the IDCs reveal a near positive
90 degrees, which means that the behavior is purely capacitive,
and this is also confirmed by the linearity of the impedance.
Therefore, the capacitive elements are prevalent in the complex
response, thus measuring capacitance is a valid indicator for
the performance of the IDC.

Across all devices a specific frequency is observed at which
the different porosity plots converge. This frequency is around
100 kHz for the G100 IDC, close to 40 kHz for the G200 IDC,
and 8 kHz for the G500 IDC. In the phase graphs, as the G
size is increased, the phase plots shift towards the 0% porosity
plot at 90°, and the frequency band, at which capacitive
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properties dominate, is increased. The skin-sensor system can
be fundamentally simplified to a resistor and capacitor in
parallel. At lower frequencies there is resistive behavior arising
from the ionic pathways of the water molecules, which allow
for current to pass through easily, thereby decreasing the total
impedance. This is visible in the impedance graphs, in the
plots for 0.16% and 0.28% porosity on all IDCs. In the 0.28%
porosity phantom, this effect is the strongest, because it is
the most hydrated of all other phantoms. As the frequency
is increased, this resistive effect disappears, and the skin
becomes a pure capacitor. Therefore, to quantify the hydration
of the outermost layers of the skin, an excitation signal with
a frequency below this limit should be used.

=
@™
-

1E+8 = 0%
L

1E+7 o

1E+6 o

1E+5

Phase (degrees)

1E+4 4

20 = 0%
* 0.16%
] 4 0.28%

100 1000 10000 100000 1000000 A1E7 100
Frequency (Hz)

Normalized Impedance (Ohm*cm?) >

1E+3

1000 10000 100000 1000000 1E7
Frequency (Hz)

Fig. 8: Measurements for G100 FW100 N32 IDC at different
porosity regions against frequency: A) Absolute value of
complex impedance normalized and B) Phase in degrees.
Porosity values are expressed in percentages and correspond
to extremely dehydrated (0%), dehydrated (0.16%) and normal
(0.28%) SC layer.
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Fig. 9: Measurements for G200 FW200 N16 IDC at different
porosity regions against frequency: A) Absolute value of
complex impedance normalized and B) Phase in degrees.
Porosity values are expressed in percentages and correspond
to extremely dehydrated (0%), dehydrated (0.16%) and normal
(0.28%) SC layer.

As it was discovered in the COMSOL simulation, the gap
size of the IDCs affects the penetration depth the most, and
that is also visible in the impedance plots here. The G500 IDC
is more influenced by the deeper PVA layer of the phantom,
that is why changes in the SC layer introduce little resistive
effect on the total impedance (Fig. 10A). In contrast, for
the G100 IDC, there is a considerable spread between the
impedance values of the different porosity states, because it
is most sensitive to changes in the SC layer. The capacitance
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Fig. 10: Measurements for G500 FW500 N10 IDC at different
porosity regions against frequency: A) Absolute value of
complex impedance normalized and B) Phase in degrees.
Porosity values are expressed in percentages and correspond
to extremely dehydrated (0%), dehydrated (0.16%) and normal
(0.28%) SC layer.

versus frequency for the different porosity states is plotted for
all IDCs in Fig. 11. The same area normalization was applied
as with the complex impedance, and the graphs are plotted in
separate windows because of the exponential difference in the
measurements for the G100 N32 IDC and the other two IDCs.

The capacitance plots agree with the conclusion that the
G100 IDC is the best design as it provides the highest
sensitivity and achieves a measurement depth to distinguish
dehydration levels of the SC. The G200 and the G500 IDC
do show increasing capacitance values for the 0.28% porosity
region versus frequency, but they cannot distinguish between
the other two porosity levels. Given the plots, the frequency
band around 1 kHz is a reasonable value for the excitation
signal, as the capacitance exhibits the highest sensitivity to
different hydration states.

To validate the sensor’s capacitance readings, the measured
capacitance of the different IDC sizes at 1 kHz were com-
pared to the hydration readings of the Corneometer®, which
is a commercial skin hydration device. It yields hydration
readings in arbitrary units (A.U.) and was used to measure
the skin phantom’s hydration - the comparison is presented
in Fig. 12. From the graph, all IDCs follow the trend of
increasing capacitance with hydration level. The sensitivity
of the individual IDCs can be mapped against that of the
Corneometer®, by dividing the change in capacitance of the
IDCs between hydration levels by the change in A.U. of the
Corneometer® between the same levels. The formula used is
presented in Eq. (5):

_ac
 AH

where A H is difference in the commercial sensor’s responses
for different hydration levels. This results in a sensitivity of
13.1 pF/cm? per 1 A.U. for the G100 IDC, 6.08 pF/cm? per
1 A.U. for the G200 IDC, and 0.38 pF/cm? per 1 A.U. for the
G500 IDC. The G100 IDC demonstrates a higher sensitivity
towards changes in the SC hydration than the other IDCs,
and therefore it is the most optimal for the purposes of AD
monitoring.

To equate the impedance and capacitance readings to rel-

S 5)
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Fig. 12: Capacitance readings from different IDCs explored in
this paper and hydration readings from Corneometer® against
the three different hydration levels of the SC, achieved by the
hydration gradient skin phantom.

ative permittivity values, the analytical approach was again
used. Following Eq. (1), (3), and (4), the inverse solution
was input in MATLAB to calculate relative permittivity val-
ues or hydration states from capacitance readings from the
experiments. The readings from the 0.28% porosity region
were taken, which would equate to normal SC hydration. The
capacitance of both the G100 and the G200 IDC at 1 kHz were
much lower than the simulations — around 126 pF and 59 pF,
respectively, so the computed relative permittivities were also
lower — 116 and 110, which is very different from Gabriel
et al.’s values. In the initial conditions of the analysis, it was
stated that those values were not for the SC layer specifically,
but rather for the skin as a single block. There are other
sources in the literature claiming that the relative permittivity
of individual SC cells is around 86 — 90 but have not proven
it empirically [36]. Thus, Gabriel et al.’s database might not
be applicable or appropriate for the purposes of this study.
Finally, a stepwise response investigation was undertaken

to determine the behavior of the sensor when placed on and
off the phantom. Parameters such as the response and recovery
times provide more insight into the operation of the sensor. For
this test only the G100 IDC was used, since it was discovered
to be optimal for the purposes of SC hydration sensing. The
test conducted was to repeatedly press and release a single
G100 IDCs onto the different porosity areas of the hydration
gradient phantom whilst continuously sampling capacitance
data from the impedance analyzer every 0.2 seconds with
the help of a LabView® script. The testing procedure was
distributed as follows: 5 seconds off-time (no contact to skin
phantom, the sensor is in the air), followed by 5 seconds on-
time (pressed to the skin phantom with the same 5 N weight
as used before), 5 seconds off. This was repeated with each
of the 3 different porosity sections tested 2 times during the
75-second test. The results are shown in Fig. 13.
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Fig. 13: Step-response of a G100 N32 IDC sensor on a
hydration-gradient skin phantom with 3 porosity levels. Ex-
citation signal of the impedance analyzer was 1 V at 1 MHz.

As expected, the readings match the frequency sweep
measurements at the given frequency band (1 MHz) and the
distinction between the different porosity levels is evident
— indicating that even at 1 MHz excitation frequency the
sensor can distinguish various SC hydration levels. Using
the stepwise response graph, the parameters of response and
recovery times can be calculated. For the first period in contact
with the 0.28% porosity phantom, the capacitance begins
increasing first slowly, then more rapidly and it rises from
around 9.3 pF to 108.6 pF in 2.4 seconds. This is a response
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of about 41.4 pF/s when in transition between air and normally
hydrated skin. The following recovery time is much faster — it
goes from 110.9 pF to 8 pF in 0.6 s, which is a recovery time
of 171.5 pF/s. During the second period in contact with the
0.28% porosity phantom, the response time is much faster,
85.4 pF/s, whereas the recovery time is approximately the
same. For the two contact periods with the 0.16% porosity
the response and recovery times are close to each other at
around 26 pF/s, but that is expected since this is replicating
the drier spectrum of skin hydration. The stepwise response
shows stable and repeatable operation when performing quick
sampling measurements using the IDC sensor on the skin
phantom.

V. EXTERNAL VARIABLES TEST
A. Effect of Environmental Humidity

To fully understand the measurements of the IDC sensor,
the possible effect of environmental humidity must be inves-
tigated. Since the IDC is sensitive to the presence of water
molecules in the media it is measuring, environments with high
humidity should have an effect on the IDC, thus increasing
the capacitance readings. All the produced IDCs in this work
were individually tested inside a climate chamber (WKL
100, Weiss Technik) and their capacitance was continuously
sampled every 30 seconds using the Wayne Kerr 6500B
Impedance Analyzer and a LabView® script for 20 minutes
while the chamber’s humidity was raised linearly from 50%
(relative humidity of room) to 95%. The excitation signal from
the impedance analyzer was the same as used in the initial
capacitance testing — 1 V at 1 kHz. Temperature was kept
the same throughout the measurements at 25°C. Results are
portrayed in Figs. 14, 15, and 16.
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Fig. 14: Capacitance versus time for a G100 N32 IDC sensor
placed inside an environmental chamber with varying relative
humidity between 50% and 95%.

In all graphs, it is evident how the capacitance increases by
several orders of magnitude due to the increase of relative
humidity above a certain threshold. For the G100 and the
G500 that threshold is about 60%, and for the G200 it is
about 70%. This shows the sensors have a working range
of 40-60% relative humidity, which is consistent with typical
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Fig. 15: Capacitance versus time for a G200 N16 IDC sensor
placed inside an environmental chamber with varying relative
humidity between 50% and 95%.
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Fig. 16: Capacitance versus time for a G500 N10 IDC sensor
placed inside an environmental chamber with varying relative
humidity between 50% and 95%.

room conditions. After this threshold is passed, there is an
initial sharp increase in capacitance, visible in the G200 and
G100 plots, after which the gradient changes. In the later
stages of the humidity test on the G100 IDC, around the
800" and 1100*" seconds, there is a sharp increase that
almost doubles the capacitance. Since these all occur at high
humidity, it is believed that this is caused by condensation of
water molecules onto the surface of the IDC. The G100 IDC
has the smallest separation distance between the electrodes
and is most sensitive to changes in the dielectric medium
arising from water molecules forming on the sensor. After
the testing was finished, and the sensors were brought back to
normal room humidity all of them returned to their original
capacitance values. Unlike the G200 and the G500, the G100
IDC’s capacitance values remained high for a long period of
time after testing ended. To increase the range of humidities
the sensor can function over and mitigate condensation effects
a possible solution would be to implement an encapsulation
layer, but that would decrease the sensitivity and offset the
measurement depth.
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B. Effect of Environmental Temperature

Similarly to humidity, the effect of temperature on the
capacitance readings of the sensor is also investigated. The
IDCs sensors were again placed individually inside an oven
and the temperature was gradually increased from 25°C to
100°C while keeping average room relative humidity at 50%.
Testing took 20 minutes, and data was sampled every 1 minute
using a Wayne Kerr 6500b Impedance Analyzer with an
excitation signal of 1 V at 1 kHz and a LabView® script.
Results are on Fig. 17.

As it is seen on the graph, the effect of temperature on
the IDCs readings is negligible compared to the range of
readings when comparing different hydration levels. In the
G100 and G200 IDCs there is a slight decrease in readings
before stabilizing, which is attributed to evaporation of any
residual water molecules that might be present on the surface
of the sensor from the ambient air humidity.
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Fig. 17: Normalized capacitance versus temperature for 3
types of IDCs: G100 N32, G200 N16 and G500 N10. The
capacitance values were normalized to account for the area
differences between the IDC sensors.

C. Effect of Bending

The effect of bending radius is also investigated as an
external variable since the IDCs are printed on a flexible
substrate. The same impedance analyzer setting was used as
with the previous external variables testing (1 V at 1 kHz).
Three different cylinders with varying radii of 15 mm, 10 mm
and 5 mm were 3D printed from PLA and the IDC sensor
was bent around the cylinders with the electrodes facing
outwards. Given that the length of the G100/G200 IDCs is
around 6.4 mm and that of the G500 is 10 mm, the smallest
radius would cause a total bend of approximately 90°. As
PLA and Kapton are both polymers with comparable dielectric
permittivity, this would introduce no capacitance changes, so
any variations in capacitance should arise from the effect of
the sensor being bent. The results in Figure 18 reveal that there
is no significant effect of bending radii on the capacitance of

the IDC in air and hence the IDCs can effectively be used in
wearable applications where bending may occur in use.
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Fig. 18: Normalized capacitance versus bending radii for 3
different IDC sensors (G100 N32, G200 N16 and G500 N10).
Several tests were conducted, and the average value was taken;
error bars indicate the range of values obtained.

VI. CONCLUSION

A novel IDC sensor has been presented, tailored for the
application of monitoring AD biomarkers, and its behavior is
characterized and optimized to fit the purposes of the study.
The optimal sensor features 32 electrode fingers of width
100 um, spaced by 100 um gaps. The sensor can distinguish
between different levels of dehydration of the SC layer, where
the condition is mostly prevalent and therefore it can help in
estimating the severity of the condition or monitor its treat-
ment. This is the first electrode sensor created for the purposes
of examining AD skin and the first to prove its increased
sensitivity towards a specific layer of the skin and could be
used to allow health practitioners to track the condition of
the patients remotely, without the need of examination in a
health clinic. Alongside the IDC sensor, a novel hydration
gradient skin phantom has been demonstrated to calibrate the
sensor’s measurements. The skin phantom offers a common
basis for testing future devices for AD skin, as it achieves
varying SC hydration levels on the same substrate, useful for
determining disease severity across several points on the skin,
as atopic skin is often composed of patches of dehydrated and
irritated skin next to normal skin. The proposed IDC can be
easily scaled to fit the application, as areal scaling doesn’t
affect the sensitivity for a fixed spacing between interdigitated
electrodes. Its low footprint and ease of fabrication render
it a usable device to be embedded in a mobile or wearable
system. Further work would entail the development of a micro-
based system using an impedance analyzing circuit and a
data-processing MCU for measurement selection based on
the findings of this paper: frequency scope between 1 kHz
— 1 MHz and room humidity between 40-60%. Future work
will also investigate how cross-sensitivities can be mitigated
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using additional sensors and potentially the use of machine
learning. Ultimately, the finished system will be tested on
human patients with AD to determine its efficacy in monitoring
the condition.
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