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Abstract—Wearable sensors and e-textiles have had an impact 

on many fields of healthcare, including dermatology. Superficial 

skin hydration is a biomarker for conditions like atopic dermatitis 

(AD), yet most hydration sensors are not optimised for 

measurement in the outermost layer of the skin - the stratum 

corneum (SC).  In this paper, the authors present an interdigitated 

capacitor (IDC), tailored specifically for monitoring the shallow 

SC layer. The sensor is printed onto a wearable textile strap and 

is complemented by a custom flexible analog front end (AFE) to 

allow for continuous monitoring of the SC. The IDC is tested on 

volunteers, and the results reveal a 7% change in capacitance 

between skin with dry SC layer and skin with hydrated SC layer. 

The sensor can also be used to monitor treatments and shows that 

a particular commercial cream’s effect wears off after 2.5 hours. 

The e-textile IDC can also survive a standard ISO wash test with 

limited electrical defects.  
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I. INTRODUCTION 

Wearable sensors are a rapidly growing sector in the IoT 
industry, allowing accurate health and activity tracking while 
offering seamless integration [1]. This has revolutionized 
personal health monitoring by enabling continuous, non-
invasive tracking of physiological parameters. The technology 
has seen adoption in many applications, including 
electrocardiogram (ECG) and heart monitoring, respiratory 
measurement, gait analysis, and biomarker detection [2-5]. 
Wearable skin hydration sensors have gained attention due to 
their continuous data collection functionality and minimally 
invasive form-factor suitable for dermatological studies. The 
hydration of the skin is one of many skin biomarkers, which, 
when monitored continuously, produces insight into symptoms 
and pathogenesis of skin diseases. The skin has a complex, 
multilayered structure, and the properties and hydration of each 
of these layers are not constant throughout. Varying levels of 
hydration of individual layers can be indicators of different skin 
conditions, and thus, separation of the hydration measurements 
in these layers is important for correct diagnosis [6]. Skin 
hydration is commonly measured in the literature using an 
interdigitated capacitive sensor which detects changes in the 
water content of the material under test [7]. In most of those 
works, the skin is treated as a single unified layer, which does 
not produce clinical significance to distinguishing skin 
conditions empirically. Here, the authors use an optimized 
sensor solution for measuring hydration in the outermost skin 
layer - the SC. 

The SC serves as the primary barrier against environmental 
influences, such as allergens or bacteria, and plays a crucial role 
in preventing excessive water loss. Dysfunction of this barrier is 
a key characteristic of dermatological conditions such as atopic 
dermatitis (AD) and psoriasis [8]. In AD, this results in a specific 
dehydration of the SC layer, and therefore measuring the SC 
hydration is of clinical significance when diagnosing AD [9]. 
Commercial hydration devices are used for this purpose - the 
Corneometer® (Courage+Khazaka GmbH, Cologne, Germany) 
and the MoistureMeterSC® (Delfin Technologies Ltd., Kuopio, 
Finland). These devices can only capture single-point 
measurements at discrete instances in time, cannot perform 
continuous monitoring and can only be used in a clinical setting.  

In a previous publication the authors introduced a sensor for 
monitoring SC hydration using an IDC with a bespoke pattern, 
optimized for screening within the SC [10]. The IDC was 
fabricated onto a flexible, printable format to allow for 
continuous measurements, providing a new dimension of data 
beyond what the current commercial solutions are capable. This 
work presents the flexible sensor printed onto an e-textile strap 
and tested on healthy volunteers, whose skin is artificially 
hydrated using emollient cream that strengthens the SC barrier. 
A flexible analog front end (AFE) was designed to complement 
the e-textile sensor and convert the capacitance to digital values. 
A wash test on the durability of the e-textile IDC wearable 
sensor was also performed.   

II. MATERIALS AND METHODS 

A. IDC and Operation 

The IDC consists of interwoven, comb-like electrodes. It 
operates like a scatter-field capacitor: changes in capacitance 
result from the dielectric properties of the surrounding medium. 
The IDC presented in this paper achieves an electric field 
penetration within the SC and thus high sensitivity to dielectric 
changes in that layer. If the SC barrier is damaged, the layer will 
have a lower water concentration, leading to a reduced relative 
permittivity. This decrease in permittivity corresponds to lower 
capacitance readings. The IDC presented here features 32 
electrodes of width 100 µm and length 6 mm, separated by gaps 
of 100 µm, for a total sensing area of 0.384 cm2. 

B. Wearable IDC Sensor Fabrication 

 Reverse offset printing was used to deposit the custom IDC 
pattern onto a TPU transfer film, following a technique 
developed by Dai et al. [11]. This process involved coating a 
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roller with Dupont 5000 silver conductor paste (Dupont, Bristol, 
UK) using a slot-die coater. The coated roller then came in 
contact with a cliché featuring the negative image of the desired 
print. Due to the high surface energy, unnecessary parts of the 
ink were removed, and just the desired pattern remained on the 
roller. Then, the pattern was deposited on the thermoplastic 
polyurethane (TPU) substrate [11]. The substrate used was 
Electrum Stretch HC, with a thickness of 80 µm (Policrom 
Screens S.p.A., Carvico, Italy). 

The deposited ink was cured at 120°C for 15 minutes in a 
Carbolite box oven. The completed print was then laminated 
onto the skin-facing side of a textile elbow strap (Ionocore, UK) 
using a hot press at 160°C for one minute. This strap was chosen 
due to its cushioned inner layer, which ensures consistent 
pressure against the skin. Pressure is important as it enhances 
sensor-to-skin contact while reducing air gaps. To provide 
electrical insulation and improve conformal adhesion, the IDC 
electrodes were encapsulated with an additional TPU film layer 
– 50 µm thick Platilon U073 TPU film (Covestro Ltd., Cheadle 
Hulme, UK). The thickness of the encapsulation layer allows 
penetration of the electric field at the depth of the SC as shown 
in a previous publication [12]. Fig. 1(a) shows the finished e-
textile IDC sensor. 

C. Flexible Analog Front End and Data Collection 

To convert the capacitance readings into digital values, a 

custom AFE using the FDC2214 integrated circuit (IC) by 

Texas Instruments was used. The FDC2214 features 4 channels 

with high 28-bit resolution and around 0.3 mA power 

consumption per channel at 3.3 V and 1 MHz resonance 

frequency operation. The scalability and low consumption of 

this IC make it a perfect fit for wearable and continuous 

monitoring applications. The FDC2214 operates by driving and 

measuring the resonance frequency of an external LC tank (set 

by the user) [13]. When an unknown capacitance is added, the 

resonance frequency shifts. One channel was used with an LC 

tank of 470 µH and 47 pF, resonating at 1 MHz. In a previous 

work the authors proved that this excitation frequency produces 

the greatest change in capacitance per change in the dielectric 

properties of the SC [6].  

A custom flexible circuit was designed in Kicad® 7.0, 
following the design specifications outlined in the FDC2214 
datasheet. The circuit featured all the necessary passive and 
active components to power and transmit data to/from the 
FDC2214 IC through I2C bus lines. The circuit was etched from 
a copper-polyimide laminate sheet (GTS Flexible Materials 
Ltd., Gwent, United Kingdom) [14, 15]. The flexible circuit was 
fixed to an adhesive Velcro pad, for easy assembly on the e-
textile IDC sensor. 

To collect the readings from the FDC2214, the EVM 

development board with the MSP430 MCU was connected to 

the flexible AFE board via power and I2C lines. The EVM 

board comes with a custom EVM GUI that can visualize the 

capacitance data [16]. Fig. 1(b) presents the finished device 

with the AFE attached, worn by a volunteer.  

 

Fig. 1. (a) Photograph of the wearable e-textile IDC sensor with a zoomed-in 

micrograph of the IDC pattern printed on the strap band; (b) Photograph of the 
e-textile IDC sensor with flexible AFE, on a volunteer’s forearm. An inset of 

the PCB schematic capture of the AFE is presented from Kicad® Software.  

D. SC Hydration Test Experimental Setup 

Three healthy volunteer adults, both male and female, were 

selected and the e-textile IDC sensor was positioned on their 

right volar forearm (Fig. 1(b)). The sensor sampled capacitance 

data continuously for 30 seconds before being removed, then 

Exomega Control commercial emollient cream for eczema-

prone skin is applied onto the measured area (A-Derma, 

Lavaur, France). The cream strengthens the SC barrier, and its 

application increases the SC hydration. Fifteen minutes after 

applications the test was repeated. Three tests per volunteer 

were conducted and the results were averaged out.  

A cream effectiveness monitoring test was performed on a 

fourth healthy adult volunteer also on the right volar forearm. 

IDC sensor readings were taken right before and after the cream 

application and then at every 15 minutes up to 3 hours.   

E. Washing Durability Test Experimental Setup 

A domestic washing machine (Beko WME7247W) was used 

to conduct wash tests following the ISO:6300:200 washing 

standard. The parameters were setup as follows: 40°C, 1000 

rpm, 1 h, 2 kg loading. The flexible AFE pad was removed 

before washing, and the e-textile IDC sensor was placed in a 

plastic wash ball. Fairy® non-biological detergent was used.  

III. RESULTS AND DISCUSSION  

A. Varying SC Hydration in Volunteers 

In all volunteer tests, the e-textile IDC sensor successfully 
measured the change in SC hydration arising from the 
improvement of SC barrier properties. Fig. 2 presents the results 
of the experimental study. The emollient cream contains 
ceramides which maintain the structure of the lipid matrix, of 
which the SC barrier is made [5]. With an improved barrier, the 
SC layer is losing less water through evaporation and therefore 
it is more hydrated. The average capacitance for dry skin across 
all volunteers is 34.86 pF, and the average capacitance for 
hydrated skin is 37.56 pF, revealing a difference of 
approximately 2.7 pF.  



 

Fig. 2. IDC capacitance against time for varying SC hydration states of 3 

healthy volunteers. Volunteers are colour-coded.  

In a separate test, the SC hydration of another healthy 
volunteer was monitored for 3 hours, to determine the time 
course effectiveness of the commercial emollient cream. The 
readings, presented in Fig. 3, are in the same range as with the 
other volunteers, confirming the validity of testing. The IDC 
capacitance jumps from 33.8 pF to 38.25 pF immediately after 
cream application and then slowly decreases back to the 34 pF 
range within 3 hours.  

 

Fig. 3. Time-course IDC capacitance readings for healthy volunteer before 
and after the application of emollient cream. The application event is marked 

with a grey dashed line at time = 0 and the readings corresponding to before 

and after the event are labelled. 

This means that this particular emollient should be applied 
every 2 hours for maximum protection of the SC layer. A spike 
in capacitance is observed around 1.5 hours into the study, 
where the capacitance readings reach from 35.57 pF to 36.1 pF 
and then decay back to 35.6 pF. This is not caused due to a 
change of the environment, as the volunteer was kept stationary 
in the same room with RH of 40%. Therefore, this is attributed 
to absorption of the ceramides into the lipid matrix, increasing 
the SC barrier properties.   

B. E-textile IDC Sensor Washing Durability 

After machine washing, the printed IDC e-textile sensor was 
inspected and photographed using a microscope. Almost no 
visual damages were noticed. The lamination of both the IDC 
and the encapsulation layer remained intact, without any peeling 
on the edges. The soldered pads were also unaffected due to the 
strong encapsulation. Fig. 4 presents a micrograph of the only 
observed defect on the surface of the IDC - a stain on one of the 

electrode fingers, but it has not disconnected the electrode. DC 
continuity tests reveal no short circuit of the electrodes. 
Frequency sweeps with an impedance analyzer reveal a 
variation in the properties of the IDC, as immediately after the 
washing the IDC exhibits resistive behaviour, rather than 
capacitive. Fig. 5 shows plots of complex impedance and phase 
angle against frequency of the IDC e-textile before the washing 
durability test and at several instances after the test. The resistive 
component is observed when the phase angle becomes close to 
0, and the impedance does not change with frequency. This 
behaviour slowly disappears with time, and capacitive 
properties replace it. It is reasoned that water molecules 
penetrated micropores in the encapsulation and provided a 
conductive path in parallel to the capacitive path. As time passes, 
the water molecules dry out, thereby conductance reduces while 
resistance increases, and thus capacitive properties re-emerge.  

 

Fig. 4. Micrograph of a visible smudge after the wash test. The silver electrode 

is still connected, so no breakages are noted.   

 

Fig. 5. (a) Complex impedance and (b) phase angle plots against frequency 

before and at different time intervals after wash test of e-textile IDC sensor. 

IV. CONCLUSION 

In this paper the authors have presented a wearable e-textile 
sensor capable of detecting changing levels of SC hydration, an 
indicator for issues with the SC barrier, responsible for 
protecting the skin against desiccation. The IDC sensor was 
printed with a high resolution onto a textile strap and a custom 
flexible AFE was created to digitize the capacitance readings. 
The e-textile device was successfully tested on healthy 
volunteers, whose SC was artificially hydrated using treatment 
creams for strengthening SC barrier in patients. The results show 
that e-textile IDC sensor can distinguish between two levels of 
SC hydration with a difference between them of 2.7 pF or 7% of 
sensor capacitance. The sensor is also capable of monitoring 
treatment in patients with SC hydration issues, as it detects when 
the effect of the cream has worn off. Future work will involve 
testing the IDC sensor on patients with severe SC dehydration 
and measuring the effect of various treatments on their 
condition. 
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