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Reverse-offset printing (ROP) enables microscale patterning on flexible substrates, making it ideal for
fabricating interdigital capacitive (IDC) sensors for atopic dermatitis (AD) monitoring. AD,
characterized by skin dryness and inflammation, demands precise hydration tracking. Tailoring IDC
electrode gaps to 50 um concentrates the electric field within the stratum corneum (SC), enhancing
sensitivity beyond the capabilities of traditional screen printing. Finite element modelling and ROP
were employed to assess the impact of electrode geometry and encapsulation thickness on sensor
performance. Findings indicate that 50 um electrodes with encapsulation layers under 10 pm maintain

high sensitivity and consistent operation. A clinical case study demonstrated the 50 pm sensor’s
ability to distinguish lesional from non-lesional skin. These results inform the optimization of
encapsulation—-performance balance and advance the design of wearable, high-resolution IDC
sensors for continuous skin hydration monitoring in personalized dermatological care.

Recent advances in skin sensing technology have led to increasing appli-
cations in health monitoring and evaluating environmental interactions'™.
The ability to measure parameters such as hydration™, temperature’”, and
pH™ directly from the skin offers valuable insights into physiological
conditions and external influences, enhancing diagnostics, and enabling
personalized healthcare''. Atopic dermatitis (AD), commonly referred to as
atopic eczema, is the most prevalent inflammatory skin condition world-
wide, with prevalence rates ranging from 15-30% in children and 2-10% in
adults""’. This chronic and relapsing disorder is characterized by recurring
inflammation and dryness of the skin, potentially leading to cuts and lesions
which can then manifest into significant infections, and even become life-
threatening in extreme cases'*. Damage to the stratum corneum (SC), the
outermost skin layer, makes it prone to external factors such as allergens and
bacteria and causes excessive water loss from the skin'>'®, as Fig. la shows.
To monitor the severity of AD, various textile-based sensors have been
demonstrated as shown in Table 1. They primarily utilize two methods: skin
hydration level monitoring and scratching movement detection. Hydration
sensors assess the moisture content of the SC to evaluate skin barrier
function, while motion sensors track scratching behavior, a key indicator of
itch severity. Among these, interdigitated capacitive (IDC) sensors are

particularly promising due to their high sensitivity to hydration changes and
ease of fabrication through printing techniques such as screen printing. This
makes IDC sensors an ideal choice for scalable, low-cost, and wearable
solutions for continuous AD monitoring.

The structure of IDC sensor comprises two individual planar electro-
des with an interdigitated comb arrangement that form multiple parallel
plate capacitors, and the basic structure is shown in Fig. 1b. IDC sensors
have emerged as a promising solution in wearable applications, such as
human motion detection'”"* and touch sensing', due to their high sensi-
tivity, ease of fabrication, and suitability for integration into electronic
textiles (e-textiles)*. Substances applied to the surface of, or materials placed
in contact with, the IDC will also alter the capacitance depending upon the
dielectric properties of the applied material. Figure 1¢ shows the IDC sensor
placed on the skin and connected to an impedance analyzer, enabling real-
time monitoring of skin capacitance changes associated with AD. When
placed in contact with the skin, variations in capacitance can be measured,
reflecting changes in the skin’s properties, such as the relative permittivity of
the SC layer, which correlates directly with hydration levels”**. Previous
studies have demonstrated the efficacy of IDC sensors. For instance,
Kim et al. showcased the use of IDC sensors for real-time monitoring of skin
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Fig. 1| Background information. a Comparison of cellular structure in healthy skin
versus skin with AD. b Schematic diagram of IDC sensor’s working mechanism.
¢ Schematic diagram of the IDC sensor attached to the skin and connected to an
impedance analyzer for continuous monitoring of AD. d Schematic diagram of the

generated electric field lines distribution for the IDC sensor on healthy skin (left) and
AD-affected skin (right). (Images reproduced from Servier Medical Art by Servier,
licensed under CC BY 3.0).

hydration, demonstrating their ability to detect changes in skin hydration
with a sensitivity of less than 0.01 pF per percentage change in skin moisture
providing a reliable and non-invasive method for skin analysis”. Similarly,
Sapsanis et al. highlighted the flexibility and high sensitivity of IDC sensors.
Their research demonstrated a flexible Nafion-coated IDC humidity sensor
on a flexible substrate, achieving high sensitivity with linear behavior above
65% RH (relative humidity) and slightly non-linear behavior below, while
maintaining performance under bending”. The sensitivity of the IDC
sensors is closely related to the electric field depth generated by the inter-
digitated electrodes which should be designed to match the application
parameters”. In the case of monitoring AD, the IDC must be designed such
that the electric field is concentrated within the SC layer, which has a
thickness of 20-50 um, as shown in Fig. 1d. An IDC with more densely
packed electrodes (smaller finger gap and finger width) will generate a
higher electric field intensity near the surface, but with a shallower pene-
tration and thus providing greater sensitivity to any dielectric property
changes in the skin. Huang et al. investigated the design of IDC sensors and
analyzed the effect of electrode dimensions, such as width and thickness, on
sensitivity and penetration depth, showing the need for a balance between
them for optimal sensor performance®. Adjusting the IDC design and
accommodating the presence of any encapsulation layer can effectively
modulate the field depth and enhance sensor performance”. This was
explored by Kim et al. who identified that to achieve the desired electric field
depth within the SClayer, the combined electrode finger spacing and finger
width should be around 30-100 um™.

Realizing such precise electrode structures requires advanced fabrica-
tion techniques. Among these, printing techniques offer significant benefits

because they enable the efficient production of solution-processed electro-
nics with multilayer architectures—ensuring both high resolution and
mechanical flexibility, which are essential for wearable applications™".
They have been widely used to realise a wide range of devices including solar
cells”, metal oxide transistors™ and organic electrochemical transistors™.
While common printing methods like inkjet and screen printing are widely
used to manufacture flexible and wearable devices, their resolution is often
constrained by factors such as the nozzle size or mesh dimensions. Ordinary
inkjet printing typically achieves feature sizes of approximately
100-500 pm, while conventional screen printing with standard mesh screen
generally achieves 200-1000 um. Previous examples of printed IDC sensor
research demonstrated an inkjet-printed single-port IDC sensor with a
finger width and spacing of 0.5 mm™ and a screen-printed flexible IDC
sensor with finger widths and spacings of 0.5 mm, 0.8 mm, and 1.2 mm™,
These printing methods cannot typically achieve the fine resolutions
required to maximise the performance of the IDC sensor in the AD mon-
itoring application. To overcome these challenges, reverse offset printing
(ROP) offers a relatively new solution by enabling high-resolution printed
patterns with minimum feature sizes often reaching down to the micron
range, making it ideal for advanced IDC sensor fabrication. The benefits of
reverse offset printing also include high throughput, cost-effectiveness, and
compatibility with a wide range of inks. Choi et al. demonstrated that
reverse-offset printing can achieve ultra-fine patterns with line widths of
10 pm, which is critical for applications such as transparent touch screen
sensors where the small minimum feature size provides an ultrafine con-
ductive pattern with high transmittance””. Furthermore, roll-to-roll printing
is a scalable and efficient manufacturing process, ideal for the cost-effective
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Itch monitoring
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scratching from high-frequency motions (e.g.,

waving).

algorithm classifies scratching (74-99%

accuracy).

mass production of large-area electronic devices due to its high throughput
and continuous operation™.

Existing wearable sensors for AD monitoring, as summarized in Table
1, face limitations in resolution, specificity to the SC, or clinical validation.
To address these gaps, this work introduces a ROP printed IDC sensor on
fabrics tailored for high-resolution SC hydration monitoring. Leveraging
ROP fabrication, the sensor achieves 50 um electrode spacing—critical for
targeting the SC layer (20-50 um)—while maintaining compatibility with
textile integration for wearability. The paper details the materials, cliché
fabrication, and sensor fabrication processes and through COMSOL
simulations and experimental results, investigates the impact of feature size
and encapsulation layer thickness on sensor performance. The resulting
sensor demonstrates enhanced accuracy in distinguishing AD lesions from
healthy skin, validated through clinical testing. This approach bridges the
gap between high-resolution diagnostics and practical wearable design,
offering a scalable solution for personalized dermatological care.

Results

COMSOL Multiphysics Simulation

The simulation of the IDC sensor consists of two finite element (FE) models:
a non-encapsulated IDC sensor model and an IDC sensor with an encap-
sulation layer covering the electrodes. The non-encapsulated IDC sensor
model was first used to explore sensitivity versus printed feature size and the
IDC sensor with the encapsulation layer model was then used to evaluate the
influence of the encapsulant.

IDC Sensor Sensitivity vs. Feature Sizes

To simulate the effect of IDC finger width and gap on the sensitivity to skin
hydration level, an IDC sensor was designed on a flexible thermoplastic
polyurethane (TPU) substrate that would subsequently be laminated on toa
textile shown in Fig. 2a. A 3-dimensional (3D) model was developed in
COMSOL Multiphysics 6.1 with a stratum corneum (SC) skin layer with
thickness of 50 um positioned above the IDC sensing fingers as shown in
Fig. 2b. IDC’s with finger widths and gaps of 50 um, 100 um, and 200 um
(referred to as G50W50, G1I00W100, and G200W200, respectively) were
simulated where the 200 um case represents a previous screen-printed IDC
sensor'® and the 50 um represents an IDC that can be reliably printed with a
bespoke ROP printer”. The sensing area was fixed at 0.7 mm x 3 mm and
therefore 32, 16, and 8 finger pairs are realised for the G50W50, G100W 100,
and G200W200 IDC designs respectively. The hydration levels were
modified by adjusting the relative permittivity of the SC layer between 500
(representing extremely dry skin), 1100 (representing normal skin) and
2100 (representing extremely hydrated skin)*. The specific parameters of
the IDC sensor model are given in the Method section. The total sensor
capacitance within the SC layer in contact with electrode fingers was
determined using COMSOL Multiphysics’ Maxwell capacitance calcula-
tion. For all models, a potential of 1 V,, the IDC sensor’s operating power, at
10 kHz, a commonly optimized working frequency, was applied between
the two electrodes. The simulated results are shown in Fig. 2c. The
G50W50 sensor exhibits the highest sensitivity to changes in the relative
permittivity of the SC layer whilst the G200200 design exhibits the lowest
sensitivity, confirming the importance of concentrating the electric field
with the SC layer.

Encapsulation Layer Thickness Effects on IDC Sensor
Performance

The printed electrodes are exposed on the surface and, given a printed
feature thickness of around 5-10 pm, are vulnerable to physical damage and
are sensitive to external factors such as moisture and dust. Therefore, it is
desirable to apply an encapsulation layer on top of the IDC sensing area to
protect the IDC sensor and ensure accurate operation in real-world envir-
onments over its intended lifespan. The sensing mechanism of the IDC
sensor relies on the generated electric field being introduced within the SC
layer, but the presence of an encapsulation layer with a given dielectric
constant will affect the electric field and its penetration depth. Therefore, the
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Fig. 2 | IDC sensor model built using COMSOL Multiphysics 6.1. a Schematic
exploded diagram of the IDC sensor structure. b G50W50, G100W100, and
G200W200 IDC sensor 3D models built separately in COMSOL Multiphysics with
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isometric and top view of the sensor models. ¢ Simulation results of the effect of
varying SC layer relative permittivity on the capacitance of sensors with varying
finger widths and gaps.

influence of the encapsulation layer on the electric field has been simulated
using the IDC sensor design shown in Fig. 3(a) and a 3D model of the
G50W50 sensor is shown in Fig. 3(b).

Three potential encapsulants were investigated: ethylene vinyl alcohol
(EVOH), polymethyl methacrylate (PMMA), and polydimethylsiloxane
(PDMS). These are widely used in encapsulation applications due to their
excellent barrier properties, mechanical stability, and flexibility*'~**. The
encapsulating materials were simulated with thicknesses of 2 ym, 5 um,
10 pm, and 15 pm and the resulting change in capacitance between hydrated
skin and dry skin cases is presented in Fig. 3 (c) where the capacitance
difference represents device sensitivity. The presence of the encapsulating
layer significantly reduces sensitivity compared with the non-encapsulated
G50W50 sensor which has a capacitance difference of 2815.9 pF between
the hydrated and dry skin cases. The thickness of the three encapsulation
layers also has an impact on the capacitance change with the thicker layers
preventing the IDC sensor from detecting any change in the SC. Among the
three materials, the EVOH layer has the least effect on device sensitivity and
was therefore evaluated further in practical tests. Figure 3 (d) shows the
capacitance as a function of the relative permittivity of the SC layer, for
various thicknesses of the EVOH encapsulation layer, which confirms that
the thinner EVOH layers (2 ym and 5 um) are preferred to maintain suf-
ficient sensitivity. Further COMSOL simulations at physiologically relevant
SC layer thicknesses of 25 ym and 50 ym (Supporting Information Section
S1, Table S1) demonstrate that these sensitivity trends—and the optimal
2 ym encapsulation—remain unchanged, validating the use of a 50 ym SC
layer model in the main text. To analyze the electric field distribution around
the IDC sensor, a 2-dimensional (2D) model of the ROP G50W50 sensor
was built in COMSOL Multiphysics 6.1 as shown in Fig. 4(a). Figure 4(b)
shows the generated electric field for the non-encapsulated IDC sensor
which is concentrated around the SC layer and matches the desired dis-
tribution shown in Fig. 1(d). EVOH encapsulation layers with thicknesses of
2 um, 5 um, 10 um, and 15 ym were added between the IDC and the SClayer
and the resulting electric field distributions are shown in Fig. 4(c), (d), (e)
and (f). The results show that the encapsulating layer reduces the penetra-
tion depth within the SC and thicker EVOH layers should be avoided. Table

2 gives the simulated electric field strength at four points (A, B, C, D as
shown in Fig. 4(b)) located over the centre of each finger 3 um into the SC
layer. These results quantify the influence of EVOH thickness with the
electric field being visibly concentrated in the encapsulation layer, reducing
the field in the SC layer and leading to the reduced sensitivity. In addition to
the 2-D planar simulations, we performed a 2-D curved-surface analysis
(bending radius = 222.8 um) to validate the model under realistic forearm
curvature. The results (Supporting Information Section S2, Table S2) show
< 10% deviation in field strength and identical sensitivity trends, justifying
the use of planar simulations for device design on curved skin.

Reverse-Offset Printed (ROP) Interdigital Capacitive

(IDC) Sensor

The sensors were fabricated using a bespoke ROP printer’ (described in the
Method section) following three main steps as illustrated in Fig. 5(a). Step 1
is the coating process where functional inks are applied to the PDMS cov-
ered roller via a doctor-blade coater to form a flat and uniform ink film as
shown in Fig. 5(b). Step 2 is the removal process where the roller moves
across the stencil or etched silicon plate (known as a cliché plate) which has
high surface energy and deep intaglios as the SEM picture in Fig. 5(c) shows.
The raised areas of the cliché form a negative image of the desired pattern
and ink is transferred from the PDMS blanket to the cliché (Fig. 5(d). Step 3
is the printing process where the ink remaining on the blanket (see Fig. 5(e))
is transferred to the substrate as the roller rolls across its surface as shown in
Fig. 5(f). The roller speed and contact pressure must be controlled to suc-
cessfully print the pattern on the target substrate. The silicon cliché with the
IDC geometry etched into its surface was fabricated using standard pho-
tolithography and deep reactive ion etching (DRIE). TPU was selected as the
printable substrate because it combines the high flexibility (easily bending
around a forearm) and thermal stability ( > 150 °C) required for depositing
fine conductive patterns via ROP, while still providing enough mechanical
robustness for skin-contact applications. While TPU does not stretch in all
directions like elastomers, the small dimensions of the developed IDC
sensors require only simple bending—not full conformity—to maintain
epidermal contact. To enhance wearability, the printed TPU layer is
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contacting with hydrated and dry skin vs. thickness of encapsulation layer for
EVOH, PMMA, and PDMS. d Impact of EVOH encapsulation layer thickness on
capacitance change of IDC sensor due to varying skin conditions.

laminated onto a soft textile, combining precise patterning with textile-level
flexibility and comfort. The three IDC sensor geometries were successfully
printed on the TPU films and SEM photos of electrode fingers of the
G50W50 sensor are shown in Fig. 5(g), which shows well-defined silver lines
with the desired feature sizes.

Each IDC sensor was laminated on to an arm band with a strap as
shown in Fig. 6(a) which enables straightforward attachment to a human
subject and provided repeatable results. The sensors where characterised in
free air and in contact with human skin, located on the arm as shown in Fig.
6(b) with dry and hydrated skin. The IDC capacitance was measured versus
frequency for the G50W50, GLO0W 100, and G200W200 sensors without an
encapsulation layer and results are shown separately in Fig. 6 (c), (d) and (e).
In all cases, the free space control capacitance remains constant, and each
sensor responds to contact with the dry and hydrated skin. In each case, the
hydrated skin exhibits higher capacitance (blue line) due to its higher
dielectric constant, whilst the dry skin (orange line) shows consistently
lower capacitance values. The error bars illustrate that the measurements are
consistent and repeatable. The sensitivity of the three sensors is compared in
Fig. 6(f) which indicates the G50W50 sensor consistently shows the highest
capacitance difference between the dry and hydrated states across all fre-
quencies. As the finger gap and width increase, the capacitance difference
decreases illustrating the benefits of the higher-resolution devices achieved
by ROP.

To validate the COMSOL simulation of the encapsulation layer
materials and thicknesses on IDC sensor performance, various encap-
sulation layers were added to previously characterised IDC sensors. The
EVOH, PMMA and PDMS films were spin coated on to the G50W50,
G100W100, and G200W200 sensors as shown in Fig. 7(a) with the SEM
cross-section of the EVOH encapsulated sensor shown in Fig. 7(b). The
capacitance difference measured from hydrated and dry skin using the
G50W50 IDC sensor encapsulated with the three different materials is

shown in Fig. 7(c). As expected, all encapsulation materials reduce the
sensitivity and the EVOH layer has the least effect followed by the
PMMA and PDMS respectively which matches the simulated results
shown in Fig. 3(c). The EVOH layer was initially spin-coated at
1500 rpm onto the G50W50, G100W100, and G200W200 IDC sensors
achieving an EVOH encapsulation layer 15 + 0.05 ym thick. To compare
the performance of these sensors with and without the EVOH encap-
sulation layer, the capacitance measured from dry and hydrated skin
before and after coating the encapsulation layer on the otherwise same
device is shown in Fig. 7(d), (e) and (f). Without encapsulation, there is a
large initial difference in capacitance between hydrated skin (blue line)
and dry skin contact (orange line), which decreases sharply with fre-
quency. With encapsulation, the capacitance difference between
hydrated skin (green line) and dry skin (red line) is significantly smaller
but is stable across the frequency range. The capacitance difference
between dry skin and hydrated skin for the G50W50, G100W100, and
G200W200 sensors with and without encapsulation layer was also
plotted in Fig. 7(g). This shows that, the G50W50 configuration is the
most sensitive when either encapsulated or non-encapsulated. In con-
trast, G200W200, with its larger gap and width, produces lower capa-
citance difference between dry and hydrated skin contacting, which
leads to lower sensitivity.

To further explore the impact of EVOH encapsulation layer thickness
on skin sensing sensitivity, a precise spray coating method was employed to
create thinner layers on G100W100 sensors. EVOH layers with thicknesses
of 4um, 8 um, and 10 ym were fabricated. The capacitance differences
between dry and hydrated skin in contact with these varying thicknesses are
presented in Fig. 7(h). The decreasing capacitance difference with increasing
layer thickness indicates that a thicker encapsulation layer leads to reduced
sensitivity and therefore thinner layers are preferred. This result is consistent
with the simulation results presented in Table 2.
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Sensor with finger width of 50 um and fingers gap of 50 ym build in COMSOL
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Multiphysics. b—f Surface electric field strength (V/m) and generated electric field
lines distribution of an IDC Sensor with EVOH encapsulation layer thicknesses of
0 um, 2 ym, 5 um, 10 ym, and 15 um.

Table 2 | Electric field strength at four points in the SC skin
layer for different EVOH thicknesses

EVOH Layer Thickness (um) Electric Field Strength (V/m)

A B Cc D
0 6566.2 10483 10465 6092.9
2 664.54 673.00 664.45 664.85
5 296.46 290.39 281.84 285.99
10 152.96 144.18 146.99 147.87
15 103.95 98.071 100.24 101.22

Clinical Case Study on an AD Patient

Before proceeding to future clinical patient testing, biocompatibility was
assessed by reference to in vitro cytotoxicity testing—the extract and direct
contact methods defined in ISO 10993-5:2009**—to detect any cell damage

or death upon material exposure. All materials in the laminated sensor stack
have demonstrated compatibility with skin-contact applications. Under
these assays, conductive silver nanoparticle inks—widely used in wearable
electronics—have likewise passed ISO 10993-5 testing, showing >90% cell
viability in 1929 fibroblast assays, indicating minimal cytotoxic risk™.
Starch-EVOH composite films (SEVA-C) exhibited >90% viability in
human osteosarcoma (HOS) cell cultures, confirming negligible cytotoxicity
of the encapsulation layer””. Additionally, EVOH copolymers (e.g., Onyx®
liquid embolic agents) have been applied in vivo with no reported tissue
irritation, demonstrating their non-irritating, biocompatible properties*.
Finally, TPU are widely used in skin-contact medical devices (e.g., catheters,
wound dressings) and have demonstrated excellent biocompatibility per
ISO 10993 testing protocols”. Together, these data support the bio-
compatibility and non-irritating nature of the entire sensor when attached
onto sensitive or AD-affected skin.
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Fig. 5 | IDC sensor fabrication processes with reverse-offset printing. a Schematic
diagrams of the whole ROP printing process which contains the three steps shown. b
PDMS blanket on the roller fully coated with silver ink. ¢ SEM photo of the etched
silicon cliché. d Roller rolling across a cliché plate. e Desired IDC pattern remaining
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on the roller. f Transferring inks from the roller to the TPU substrate. g SEM photos
of sections of the printed IDC electrodes (light area is printed silver, dark area is the
substrate).
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Fig. 6 | IDC sensor testing. a Impedance analyzer and sensor set up for testing. b
Sensor location on the forearm of the person being tested. Capacitance of sensors
measured in free space and in contact with dry and hydrated skin: c G50W50 sensor;
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d G100W100 sensor; e G200W200 sensor. f Capacitance difference between the dry
and hydrated skin tests vs. frequency for G50W50, G100W100 and G200W200 IDC
sensors.

To evaluate the clinical efficacy of the ROP-fabricated encapsu-
lated IDC sensors, capacitance measurements were performed on an
AD patient under ethical approval (NRES 330915) with informed
consent. Figure 8(a) illustrates how the sensor, integrated with a
capacitance-to-digital converter for measurement, can be attached to a
patient’s forearm. A dermatologist identified two areas on the patient’s
right volar forearm: one with active lesions and one without visible
symptoms (non-lesion). The encapsulated G50W50 sensor were
placed on each site for 30 seconds to capture continuous readings. As
shown in Fig. 8(b), the G50W50 sensor exhibited a mean capacitance
difference of 4.84 +0.25 pF (non-lesion: 50.13 +0.87 pF vs. lesion:
45.29 £ 0.73 pF), confirming its sensitivity to localized pathological

changes in AD. Since direct measurement of skin hydration is not
feasible, two clinically validated instruments were employed as
hydration proxies on lesional versus non-lesional skin. First, a
dielectric-based Corneometer® (Courage+Khazaka GmbH, Cologne,
Germany) measured an average hydration index 0of 9.97 AU on lesional
skin compared to 12.93 AU on non-lesional skin (mean of 10 readings
each). Second, a Tewameter® (Courage+Khazaka GmbH, Cologne,
Germany) quantified transepidermal water loss (TEWL), recording
21.29 g/m*/h onlesional skin versus 14.10 g/m*/h on non-lesional skin,
with higher TEWL values indicating increased dehydration. Con-
sistent with these clinical hydration differences, the ROP-printed IDC
sensors recorded larger capacitance difference on lesional skin versus
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Fig. 7 | IDC sensors with EVOH encapsulation layer added testing. a Schematic
diagrams of the whole encapsulation layer spin coating process. b SEM photo of the
cross-section structure of G100100 IDC sensor which includes TPU substrate (1),
silver electrode (2) and EVOH encapsulation layer (3). ¢ Capacitance difference
measured from hydrated and dry skin vs. frequency for G50W50 IDC sensor with
different encapsulation layers (EVOH, PMMA, PDMS). Capacitance vs. Frequency

results with hydrated and dry skin contact with and without 15 ym EVOH encap-
sulation layer thickness of d G50W50 IDC sensor (e) GI00W100 IDC sensor and f
G200W200 IDC sensor. g Capacitance difference of the EVOH-encapsulated IDC
sensor with various sizes between dry and hydrated skin contact, with and without
the encapsulation layer. h Effect of EVOH encapsulation layer thickness on the
capacitance difference between dry and hydrated skin contact across frequency.

Fig. 8 | Capacitance measurements on an AD (a)
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non-lesional skin, demonstrating sensitivity to the same hydration
changes. Consequently, these findings establish the capability of ROP-
printed IDC sensors for real-time monitoring of disease progression
and treatment efficacy.

Discussion
The use of ROP to fabricate flexible IDC sensors on fabrics achieves smaller
feature sizes than is possible with standard screen printing and this has

enabled improved sensitivity when monitoring skin moisture loss that
occurs in conditions such as atopic dermatitis. The 50 pm line width and gap
were reproducibly fabricated by ROP with consistently high yield in pre-
liminary runs, effectively concentrating the electric field in the SC to max-
imize sensitivity. This method effectively uses higher silver loading (70%)
inks, compared to other high-resolution printing techniques, like screen
printing. While achieving similar resolutions, ROP stands out by main-
taining superior electrical properties, ensuring better performance and
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Table 3 | Parameters of IDC sensor builtin COMSOL
Multiphysics 6.1

Value
50 pum, 100 um, 200 um
50 um, 100 um, 200 um

Parameter

Gap Distance Between Two Fingers (D)
Finger Width (W)

Distance Between Finger End and Contact Line (G) 100um
Thickness of IDC Sensor Layer (Tipc) 3um

Thickness of Substrate (Tsyp) 160um
Thickness of Stratum Corneum (SC) skin Layer (Tsc) 50 um

Contact Pad Area 200 um=200 um

efficiency in applications. However, the sensors do require encapsulation,
and this significantly reduces sensitivity. EVOH was found to be the most
suitable encapsulant and this encapsulating layer should be as thin as pos-
sible to minimise the reduction in sensitivity. Thinner encapsulation also
improves sensor flexibility but could reduce the level of mechanical pro-
tection provided and hence there is a potential trade-off between sensor
longevity and sensitivity that will be explored in future investigations. The
experimental results show very good agreement with the COMSOL simu-
lations indicating the suitability of numerical simulations to reliably predict
sensor performance. The encapsulated IDC sensors are very well suited for
monitoring AD and the compatibility with textiles presents a convenient
and user-friendly implementation that enables long-term remote patient
monitoring and quantification of the severity of the condition and the
impact of treatments. Clinical testing on an AD patient further confirmed
the G50W50 sensor’s capacity to differentiate lesioned and non-lesioned
skin within the same individual, underscoring its utility in personalized
dermatological care. A comprehensive yield analysis involving expanded
sample sets and statistical evaluation will be conducted in subsequent studies
to formally quantify ROP’s fabrication consistency for fine features.

Methods

IDC Sensor Simulation Model Built in COMSOL Multiphysics 6.1
The specific parameters of the IDC sensor model built in COMSOL Mul-
tiphysics 6.1 are shown in Table 3.

Fabrication of ROP IDC Sensors

The IDC sensors were fabricated with a bespoke ROP printer described
previously (as shown in Fig. 9)*. This enabled designs with a minimum
resolution of 50 microns were successfully printed on a thermoplastic
polyurethane (TPU) film attached to removable polyethylene terephthalate
(PET) paper (Policrom Screens, Carvico, Italy) using Smart Fabric Inks Ltd:
Fabinks TC-C4001 silver conductor paste with viscosity of 4300 cP. The
resolution achieved is constrained by the features present on the cliché. The
silicon cliché plates used for creating patterns were fabricated on a 525 ym
thick silicon wafer using photolithography and deep reactive ion etching
(DRIE) processes with 100 um etch depth and 1 pm thick silicon-dioxide
mask on top of the wafer. The fabrication process involved several critical
etching steps, starting with the deposition of a 1 pm thick SiO, hard mask
using plasma-enhanced chemical vapor deposition (PECVD). Optical
lithography was then applied with a 6.2 um thick AZ2070 resist layer. The
SiO, hard mask was etched using an inductively coupled plasma (ICP) tool
with a power setting of 1500 W for the ICP and 100 W for the RF, at a
temperature of 5 °C. The etch process took 6 min and 30 sec. After etching
the mask, a 20-min O, plasma ash was used to remove any remaining
photoresist. DRIE was then performed using the Bosch process which
achieved a depth of 107 pm from 15 min etch time. After DRIE, S1813 resist
was spun at 1000 rpm to cover the deep trenches, preparing the wafer for
dicing. The dicing process, conducted using the dicing saw, cut the entire
wafer into pieces corresponding to different designs and applications. Fol-
lowing dicing, the chips were cleaned with acetone and isopropyl alcohol

Ink supply system

Roller

Load cells for
Linear ’ detecting pressure

actuator

Vacuum plates

Micropositione
stages I¥ Vacuum pump
(Supplied by KNF

Neuberger Laboport N96)

Fig. 9| A bespoke reverse offset printer developed at the University of Southampton.

(IPA) to remove any remaining resist and debris. Finally, a hydrofluoric acid
(HF) cleaning step was conducted to remove the SiO, hard mask and any
particles lodged during the dicing process. Following the entire ROP pro-
cess, the patterned TPU films were attached to a textile armband (Ionocore®,
Wistaston, UK) using a thermal lamination process at 190 °C (Geo Knight
DK20 hot press), in preparation for future testing.

Fabrication of Encapsulation Layers on IDC Sensors

EVOH Layer Preparation. 1g of Poly (vinyl alcohol-co-ethylene)
(EVOH) (Sigma Aldrich Chemical Company, USA) was added into
10 mL of a solvent mixture of 70 vol% IPA and 30 vol% water, and the
mixture was stirred at 50 rpm at a temperature of 120 °C until the mixture
turns into transparent solution. The EVOH solution was spin-coated
onto the G50W50, G100W 100, and G200W200 IDC sensors at 1500 rpm
for 120 s. The sensors were left at room temperature for 10 min to remove
the solvent gradually and then placed on a hot plate for curing at 110 °C
for 30 min to form solidified EVOH film, whose average thickness was
around 15 + 0.05 pm. To achieve a uniform EVOH film with thicknesses
of less than 10 um, spray coating was employed as an alternative to spin
coating. A 100 mg/mL solution of EVOH in dimethyl sulfoxide (DMSO)
was prepared and sprayed using an airbrush with a nozzle diameter of
300 um and operating at a pressure of 30 kPa. The needle cap remained
positioned 10 cm from the sensor surface, continuously spraying for 2 sec
per pass, resulting in the deposition of approximately 2 um of material
with each spray. The thickness of the coated film was adjusted by applying
multiple layers, with each subsequent layer added after the previous one
had dried. In this way, EVOH layers with thicknesses of 4 pm, 8 um, and
10 pm were fabricated.

PMMA Layer Preparation. 1 g of Poly (methyl methacrylate) (PMMA)
(Sigma Aldrich Chemical Company, USA) was added to 10 mL of Iso-
amyl Acetate ( = 97%, Sigma Aldrich Chemical Company, USA) solvent
and the mixture was stirred at 50 rpm for 3 h at a temperature of 70 °C.
The PMMA solution was centrifuged at 4500 rpm for 15 min at room
temperature to eliminate the bubbles inside. The mixture was spin-coated
onto G50W50, G100W100, and G200W200 IDC sensors at 1000 rpm for
120 s. The sensors were then placed on a hot plate for a soft bake at 60 °C
for 10 min followed by curing at 110 °C for 30 min to form a solidified
PMMA film with average thickness around 15 + 0.5 um.

PDMS Layer Preparation. Poly(dimethylsiloxane) (PDMS, Sylgard 184,
Dow Corning) was prepared by mixing the prepolymer with a cross-
linker evenly in a weight ratio of 10:1 and left in a vacuum oven for 30 min
to eliminate the bubbles in liquid PDMS. The liquid PDMS was spin-
coated onto G50W50, G100W 100, and G200W200 IDC sensors at 2000
rpm for 120 s. The sensors were then placed on a hot plate for a soft bake
at 60 °C for 10 min followed by annealing at 110 °C for 30 minutes to
form solidified PDMS film, whose average thickness was around
13.7£0.5 um.
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IDC Sensor Testing Process

Capacitance measurements in the lab were performed using a Wayne Kerr
6500b Impedance Analyzer using a frequency sweep from 100 Hz to
15 MHz Measurements of pure and encapsulated IDC sensors were taken
from the dry skin of a subject with AD, both before and 15 minutes after the
application of a humectant cream to increase hydration levels. For each skin
condition, the sensor was tested once and then removed from the skin. This
cycle was repeated three times at 1-minute intervals.

For clinical validation, measurements were additionally conducted on
an AD patient with dermatologist-confirmed lesions. Sensors were applied
to both lesioned and non-lesioned forearm sites, and continuous readings
were recorded for 30 sec. Ethical approval (NRES 330915) and informed
consent were obtained. The capacitance measurement system consists of an
FDC2214 capacitance-to-digital converter (Texas Instruments, USA)
paired with a Xiao nRF52840 microcontroller unit (Seeed Studio, China).
The system operates at 1 MHz and is housed in a compact enclosure, which
is secured to the backside of the armband using Velcro tape. The armband
includes a cushion to maintain consistent pressure and contact with the
skin. The system utilizes an external LC tank circuit oscillating at a pre-
defined frequency, determined by manually soldering discrete inductor and
capacitor components (47 pF and 470 uH in this case). When an unknown
capacitance is introduced to the LC tank, the resonance frequency shifts, and
the FDC2214 detects this change to compute the unknown capacitance.
This hardware is an updated version of the system described in the work of
Todorov, et al. *°.

Morphological and Electrical Characterization
The structure and surface morphology of silicon cliché plates and ROP
printed IDC sensors were inspected using a Phenom ProX Desktop Scan-
ning Electron Microscopy (SEM) from ThermoFisher.

Data Availability

Data is provided within the manuscript or supplementary information files.
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