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Abstract
With an approach towards generating a wearable skin hydration detecting system, simple, cheap, and flexible skin hydration 
sensing strategy was demonstrated here using an interdigitated electrode (IDE) coated with polydimethylsiloxane (PDMS) 
matrix. Aluminium IDE with a 400 µm gap and 250 µm electrode sizes were fabricated using a photolithography method. 
Morphological characterizations were performed using a high power microscope, 3D-profilometer, and scanning electron 
microscope. The dimensions of electrodes and gaps measured through electron microscopic analysis affirmed the exactness of 
IDE and the fabrication process. After coated with PDMS polymer, the IDE/PDMS surface was examined under a high power 
microscope and 3D-profilometer. The optical characterization revealed the polymer was coated on IDE through the color-
shade changes and smooth surface observed under an optical microscope and the respective 3D-visualization. IDE/PDMS was 
also analyzed by an atomic force microscope, revealing the smoothness of the IDE surface. Electrical characterizations were 
performed using different pH and urea solutions and the sweat to investigate the influence of real-time and artificial sweat 
on IDE/PDMS. As the device showed appropriate results with real-time sweat and no effect with artificial interferences, it 
is highly encouraged and recommended for detecting skin hydration and the related illnesses with the point-of-care concept.
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1  Introduction

The skin has the capability of changing its structure and 
returning to the normal, can be an indication of lacking 
hydration or liquid pick-up. It is a consequential condition 

especially with kids and older people [1, 2]. The common 
sicknesses like cardiovascular disease, diabetes, and malig-
nant growth can be related to different skin hydration levels 
[3]. Thus, effortless and efficient detection strategies for skin 
hydration are important. Sweat is an efficient electrolytic 
solution excreted from the human body that can be used to 
measure skin hydration at the instant time [4, 5]. The sweat 
excreted due to the physical properties of skin such as capac-
itance, conductance, impedance, the reflectance of optical or 
electromagnetic radiation and thermal conductivity, justifies 
the correct results on the water level in the human body [6]. 
The non-invasive clinical sampling of human sweat is highly 
recommended for the detection strategy of skin hydration as 
it detects the real-time skin hydration without any invasive 
injections [7].

Although body hydration is classified as a significant 
parameter for measuring physiology, it is still difficult to 
evaluate correctly. Initially, body dehydration is determined 
qualitatively through the appearances of a person, such 
as dried lips and sunken eyes [8]. Later on, the dehydra-
tion level is determined quantitatively by measuring the 
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physical properties of skin such as impedance, capacitance, 
and skin radiation. However, those quantitative techniques 
need high-cost equipment and well-trained expertise to han-
dle [9]. Hydration sensors that are mechanically compat-
ible and can form a comforting contact with the skin are 
the major technological advances to replace the costly and 
bulky instruments and attain low-cost, long-term hydration 
surveillance [10, 11]. Conventional sweat assessment meth-
odologies include collection using skin-taped gauze pads, 
then chemical compositional determination with benchtop 
instruments are performed accordingly [12]. While useful 
in clinical contexts and laboratory, these approaches unable 
to give real-time information, and their precision has been 
restricted by sample contamination, loss, and degradation 
during multi-stage collection, storage, transportation, and 
evaluation procedures [13]. Alternate approaches are elec-
trochemical potentiometric and amperometric methods to 
use hydration sensors for a real-time skin assessment.

The present research proposes the leverage to competence 
in biosensing, formation of realistic tissue phantoms, and 
displaying and signal handling, and accessing a wearable 
point-of-care (POC) device for tracking the hydration/dehy-
dration levels of the skin. Varieties of proposed noninva-
sive optical wearable innovations could be utilized to give 
the extra knowledge into patient wellbeing and empower 
the early intercession when required. Due to the enhanced 

interest in sweat clinical use, multiple approaches with sweat 
samplings have been recorded and analyzed. Towards that, 
the present research reports the simple, cheap, and flex-
ible skin hydration sensing system using an interdigitated 
electrode (IDE) coated with polydimethylsiloxane (PDMS) 
matrix. The PDMS matrix is used in detecting skin hydration 
as it maintains a good chemical resistance, thermal stability, 
and mechanical flexibility contact on the skin [14, 15]. The 
research also ensures that the IDE-based hydration sensor 
is able to detect sweat without external influences. Figure 1 
demonstrates the overall concept of PDMS-based IDE in 
detecting skin hydration/dehydration through the non-inva-
sive sensors.

2 � Materials and methods

2.1 � Materials

Silicon wafer for IDE fabrication was procured from Mall-
inckrodt Baker, Inc (USA). Futurrex, Inc (USA) was reached 
to purchase resist developer, RD6 and positive photoresist 
and PR+ solutions. Aluminium coil and aluminium etch 
solution for deposition and etching, respectively were pur-
chased from Sigma Aldrich (USA), together with other 
analytical solutions used in the research. PDMS polymer 

Fig. 1   Schematic illustration represents the development of PDMS coated IDE in detecting skin hydration with the approach of generating a 
wearable sensor
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with its curing agent was also procured from Sigma Aldrich 
(USA).

2.2 � Fabrication of IDE/PDMS with conductive 
aluminium electrodes

Pattern of device design was designed using AutoCAD and 
transferred onto a chrome mask. Silicon substrate (wafer) 
was oxidized under the wet thermal oxidation at 500 °C 
using chemical vapor deposition (CVD) to create 300 Å 
oxide layer. Aluminium (Al) metal was deposited on the 
oxidized wafer using physical vapor deposition (PVD). The 
aluminium deposited wafer was used for the photolithogra-
phy process to fabricate IDE. Positive photoresist (PR) was 
coated on the Al layer using the spin coating method and 
soft-baked at 90 °C for 2 min. IDE mask was aligned with 
a substrate surface and allowed under UV-light exposure 
for 10 s to transfer the IDE pattern on the photoresist layer. 
Then, RD developer was used to removing the existed posi-
tive photoresist on the UV unexposed area. The developed 
electrode pattern was examined under a high power micro-
scope (HPM) to ensure the accurate pattern development. 
Then, hard-bake was done for 1 min at 110 °C to evacu-
ate the undesirable dampness and improve the adhesion 
power between the Al and SiO2 layers. Then unexposed Al 
layer was evacuated by drenching in Al etchant for 1 min 
[16–18]. Finally, sample was cleaned using acetone and dis-
tilled water to remove the photoresist. The fabricated IDE 
was analyzed under HPM, 3D-profilometer, and scanning 
electron microscope (SEM) to verify the accuracy of device 
fabrication. To coat PDMS on IDE, PDMS polymer was 
prepared by mixing PDMS prepolymer with curing agent 
at 10:1 weight ratio. The mixture was mixed well continu-
ously for 15 min. Fabricated IDE was placed on the spin 
coater and the well-mixed PDMS was poured on the IDE as 
it covers the entire surface. A uniform layer of PDMS was 
coated on the IDE surface by spin coating at 3000 rpm for 
50 s. The PDMS coated IDE was baked at 70 °C for 4 h. 
Figure 2 shows a schematic illustration of fabricating IDE 
using the photolithography technique and the final struc-
ture of the fabricated device. IDE with 400 µm Al electrode 
and separated by 250 µm gap is firm and rigid. The silicon 
substrate acts as the base element of IDE ensures the final 
device is stern and firm. The final structure of the device and 
its cross-sectional view is shown in Fig. 2. The PDMS was 
coated as it occupies the entire top surface of the IDE. In a 
probe station, the electrode probes were placed precisely 
on the two electrode pads of IDE and the current–voltage 
characterization is performed. The sensing was performed 
without removing the PDMS layer once coated. The IDE/
PDMS layer was analyzed by 3D-profilometer, HPM and 
atomic force microscope (AFM, NanoScope, Ica, Veeco, 
USA) to examine the surface characterization.

2.3 � Surface morphological analysis

Fabricated aluminium IDE was observed through optical 
microscopes. A high power microscope was utilized to exam-
ine the surface of IDE electrodes and gaps. The uniformity 
of surface thickness was analyzed with a 3D-profilometer 
(WT-250 Series, Hawk 3D Nano-Profiler, Korea) reveling 
the 3D-vision of IDE. The morphology of IDE was further 
examined under the scanning electron microscope (SEM, 
JEM-2100F, JEOL, Japan). The dimensions of IDE elec-
trodes and gaps were measured using the SEM measuring tool, 
which justified the precision of IDE. Once IDE coated with 
PDMS polymer, the IDE/PDMS was observed under HPM 
and 3D-profilometer indicating polymer layer on IDE with 
variation in surface thickness and smoothness.

2.4 � IDE/PDMS electrical characterization

Fabricated IDE/PDMS device was analyzed to determine the 
reproducibility and its influence with artificial skin excretes. 
The electrical signal generated by the device at the variant 
sampling solvent was monitored by Picoammeter. The voltage 
was set from 0 to 2 V and both positive and negative terminal 
probes were kept in contact with the electrode pad of IDE/
PDMS. To test the reproducibility, the device was tested with 
pH 4, pH 5, and pH 6 since the pH of human sweat is ranging 
from pH 5 to pH 6. Then, the device was further analyzed 
with urea, where its concentration ranges at 10 mM, 20 mM, 
30 mM, and 40 mM. Since the concentration of urea in human 
sweat is ~ 22 mM, urea with the above concentrations were 
prepared and tested on IDE/PDMS. The influence of human 
sweat on IDE/PDMS was examined. A 10 µL of human sweat 
was added on the IDE/PDMS sensing surface and the electric 
signal generated by Picoammeter was recorded. The results 
were compared to investigate the variation between artificial 
and natural human sweats.

3 � Results and discussion

The research encloses the fabrication of the IDE device using 
the photolithography technique and the accuracy was veri-
fied with electron and optical characterization. Moreover, to 
empower the device for detecting skin hydration, PDMS poly-
mer layer was coated on the sensing surface. The IDE/PDMS 
was characterized by optical and electrical characterizations.

3.1 � Characterization of interdigitated electrode 
(IDE)

3.1.1 � High power microscope (HPM)

The IDE design was modelled as shown in Fig. 3, as it is 
suitable for the detection of skin hydration/dehydration 
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based on the water content. The device content with 20 alu-
minium electrodes is known as fingers and the remaining 
area known as the gap, where the SiO2 layer was exposed. 
The fabricated IDE was observed under HPM to justify the 
measurements and connections of electrodes and gaps for 
the current flow through the device. Figure 3a and b show 
the electrodes and the junction of the device, respectively 
through the blue film of HPM. The image observed under the 
microscope affirms the precision in the device fabrication, 
as there were no misconnections between the electrodes. 
Figure 3c and d indicate the image of the device captured 
under dark films, where the dimension of electrodes and gap 
were measured.

3.1.2 � Scanning electron microscope (SEM)

The fabricated IDE was observed under SEM to further 
affirm its dimension. Figure 3e and f show the image of IDE 

captured under SEM and the dimensions of electrodes and 
gap were measured using the microscope-measuring tool. 
At 500 µm scale, the image of IDE was clearly observed. 
The dimensions of the device measured under SEM were in 
good agreement with the designed IDE dimension, which 
implies the flawlessness with fabrication. The variation in 
the dimension measured was ~ 10 µm.

3.1.3 � 3D‑profilometer

Optical imaging of IDE under 3D profilometer demonstrates 
the smoothness and height of the device. Figure 4a–c show 
the optical images of aluminium gaps, electrode and junc-
tion of IDE, respectively demonstrates the smoothness of 
the sensing surface. Figure 4d–i represent the 3D images 
of IDE at variant angles. The differences in the color of 
images appeared to indicate the thickness of the device. The 
uniform orange and blue color imply, electrodes and gaps 

Fig. 2   Schematic illustration of fabricating IDE and development of IDE/PDMS. The figure illustrates the final structure and cross-sectional 
view of IDE/PDMS for detecting skin hydration levels
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respectively affirm its uniform thickness of IDE. Based on 
the Hawk 3D surface analysis, the maximum height of Al 
electrode is ~ 4 µm. Moreover, the clean surface implies the 
presence of very least impurities on the IDE surface [19].

3.2 � Characterization of IDE/PDMS

3.2.1 � High power microscope (HPM)

PDMS coated IDE was examined under HPM. Figure 5a–c 
shows the optical image of IDE/PDMS is revealing the 
appearance of a polymer layer on top of the device. The 
viscous PDMS layer on IDE was observed as the electrode 
and gap appear as white and purple color compared to the 
clear grey aluminium electrode and blue gap (Fig. 3a and b).

3.2.2 � 3D‑Profilometer

Figure 5d-f represents the optical images of IDE after being 
coated with PDMS. The sensing surface of IDE/PDMS was 
observed to be smooth, due to the elastic and flexible proper-
ties of PDMS polymer. The 3D vision of IDE/PDMS indi-
cated from Fig. 5g–l convey the smooth and PDMS layer 
with uniform thickness, there is no obvious color variation 
between both electrode and gaps of IDE/PDMS. Based on 
3D-profiler, the maximum height of PDMS coated IDE is 

40 µm from its substrate level. By evaluating the maximum 
height difference of IDE and IDE/PDMS, the height of the 
elastomer layer is determined as ~ 10 µm. The height differ-
ence indicates the variation of surface roughness, indirectly 
resembling the variation in thickness between each surfaces 
[20]. The maximum thickness of IDE/PDMS is 40 µm and 
the Al electrode pattern is embedded under the elastomer 
layer. However, the light beam splitted on the device surface 
visualize the sample as a whole since PDMS layer is trans-
parent. As illustrated in the cross-sectional view of IDE/
PDMS in Fig. 2, PDMS layer covers the entire IDE [18, 21].

3.2.3 � Atomic force microscope (AFM)

The gap between aluminium electrode before and after 
PDMS coating was examined under AFM to study its sur-
face roughness. Figure 6a shows the top view of IDE gap 
revealing the presence of sharp particles, which are prob-
ably the impurities observed on the silicon oxide layer. Since 
the surface could be easily oxidized, the possibility for the 
oxide layer to be contaminated with metals and dirt is high 
and it is notable through the bright spots in Fig. 6a. The 3D 
view of the gap shown in Fig. 6b indicates the sharp ends of 
impurities present on the oxide layer of IDE. Surface analy-
sis under AFM was emphasized that the maximum height of 
particles was spotted with 80 µm. After coated with PDMS, 

Fig. 3   Characterization of 
aluminium IDE. Design of 
IDE developed is shown. HPM 
images of a electrode fingers 
and b electrode junction. Opti-
cal images c and d represent the 
electrode finger and junction, 
respectively under the dark film 
of HPM characterization with 
electrode measurements. SEM 
analysis of fabricated IDE is 
shown in e and f with measure-
ments of dimension indicating 
the exactness of IDE as well as 
fabrication technique
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Fig. 4   Analysis of IDE under 3D profilometer. Optical images a, b 
and c represent the gap, electrode and junction of IDE, respectively. 
d–i Depicts the 3D view of IDE at various angles. The similarity in 

color of IDE surface is shown in 3D image illustrates the least vari-
ance in the thickness of aluminium electrode and the gaps

Fig. 5   Characterization of IDE/PDMS device. Images a, b and c 
show the PDMS coated IDE under HPM analysis. The polymer 
layer coated is affirmed through the color variation and the observed 
clumps of polymer particles on the IDE/PDMS surface. Optical 
images of IDE/PDMS under 3D profilometer are shown in d, e, and 

f, whereas images g–i reveal its 3D view. The images are arranged as 
the first, second and third rows represent electrode, the gap between 
electrode and electrode junction, respectively under HPM and 3D 
profilometer analyses
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the images captured under AFM indicated a uniform smooth 
layer with no appealing particles observed (Fig. 6c). It is 
further justified with a 3D view of IDE/PDMS in Fig. 6d, 
resembling a smooth and uniform polymer layer. The smooth 
surface reveals the flexible PDMS elastomer which enables 
electrical sensing of biomolecules in a closed environment 
for detecting skin hydration.

3.3 � Reproducibility of IDE/PDMS

PDMS based sensing platforms are well-established for their 
high piezoresistance sensitivity and flexibility, however, the 
sensing mechanism is yet to be explained [22]. The liquid 
polymer transforms into solid cross-linked elastomer upon 
baking. The PDMS elastomer acts as a substrate which cre-
ates an enclosed channel for sensing mechanisms to take 

place. Nanoscale electrodes may able to conduct the high 
electric field, however, it is poor in flexibility. To overcome 
such a challenge, flexible PDMS layer is coated on the sens-
ing surface, which enables gas exchange or small molecules 
through invisible valves between two different media. This 
facilitates the study of cell locomotion, cell patterning, and 
indirectly improves the biocompatibility, and enables the 
electrical sensing of biomolecules in a confined space [23, 
24]. Besides, the stretching of the elastomer in the presence 
of biomolecules or the sensing response with PDMS can be 
measured as piezoresistance. The piezoresistance of poly-
mers specifies the stretching behavior with the change of 
electrical conductivity. Such analysis is often performed to 
validate the strength of elastomers in the sensing mechanism 
[25]. Although the sensing mechanism of PDMS is yet to 
be understood, the presence of PDMS elastomer enhances 

Fig. 6   Analysis of IDE/PDMS under AFM. a Optical image of the 
gap between electrodes reveals the presence of oxide layer with impu-
rities. b 3D vision of an oxide layer with sharp-edged particles on the 

gap surface. c Top view of IDE/PDMS. Indicates flat surface with no 
obvious particle was observed. d 3D view. It revealed the smooth sur-
face of IDE/PDMS
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the sensitivity with improved flexibility of active elements 
on the sensing mechanism. In relation to the role of PDMS 
in the sensing mechanism, the skin hydration level is deter-
mined as the IDE/PDMS device was analyzed with different 
analytes.

Figure 7a shows the results obtained from the reproduc-
ibility analysis of IDE/PDMS. The I–V curve shows that the 
electric signal generated by IDE/PDMS is prominent. The 
current value was detected at 2 V is 5E-8 A when no sample 
present on the IDE/PDMS surface. Next, the IDE/PDMS 
layers were tested with water and the current detected was 
very low as 5E-9 A, tenfold lesser than the bare IDE/PDMS. 
Water is poor in conducting electricity and its lower resist-
ance reduces the sensitivity when tested with IDE/PDMS 

[26]. The bare IDE/PDMS showed high current than water. 
Since the PDMS layer enables dynamic movements of air 
particles and biomolecules due to its excellent flexibility 
and stretching effect, the current generated by the bare IDE/
PDMS is observed to be higher than water molecules [27, 
28]. Moreover, air particles have high resistance than water, 
thus IDE/PDMS device-generated high current with air par-
ticles than the water molecules. This is further proved by 
the current curve generated by bare IDE only (Fig. 8). The 
absence of the PDMS layer disables the rapid and ductile 
movement of air molecules, thus the bare IDE amplified 
very low current. When the device was analyzed with pH 4, 
pH 5, and pH 6, the currents generated were similar to the 
trend of the current generated when IDE/PDMS was tested 

Fig. 7   Electrical characterization of IDE/PDMS. a Electrical signal 
generated by IDE/PDMS at different pH. b Enlarged vision of elec-
tric current curves of water and electrolytes sample. c Electrical sig-

nal generated by IDE/PDMS with different urea concentrations. d 
Enlarged vision of electric current curves amplified at different con-
centrations of urea
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with water. The curves emphasize that artificial solution with 
similar pH as human sweat has no influence on IDE/PDMS 
sensor. As the current state of art biosensors calls for great in 
performance devices with very low electrolytes sensitivity, 
IDE/PDMS is highly recommended for skin hydration detec-
tion using sweat samples, moreover for other electrolyte 
insensitive applications. Figure 7c shows the current gener-
ated when urea varies with different concentrations. Sweat 
secreted from the human body contains about 22 mM urea 
[29]. The fabricated IDE/PDMS analyzed for the influence 
of artificial urea concentration by testing the device with 10, 
20, 30, and 40 mM urea solutions. Similar to Fig. 6a, there 
was no prominent current at all concentrations of urea tested 
with IDE/PDMS and it lies together with the current gener-
ated with water. The results obtained when both pH and urea 
tested with IDE/PDMS affirm that the device has no influ-
ence on the presence of artificial sweat and with different pH 
or urea concentrations. This study implies that IDE/PDMS 
only gives appropriate results on human sweat and it can be 
used without the influence of pH and urea concentration in 
human sweat. Figure 7b and d reveal the enlarged image of 
I–V curves, showing insensitive current amplification with 
different concentrations of pH and urea solutions.

3.4 � Analysis of human sweat on IDE/PDMS

Figure 8 shows the distinguishing variation of the current 
generated by IDE/PDMS when it was tested with water, 
human sweat, and with its bare surface. Human sweat was 

collected from a male student just after performing physi-
cal activity. Sweat is a physiological mixture that contains 
salt and biomarkers with various types of ions such as Na+, 
Ca2+, K+ and Cl−. Among them, Na+ and Cl− are the most 
abundant and significant ions which detail the physiologi-
cal characteristics of secreted sweat [30]. The PDMS layer 
coated on the Al electrode develops hygroscopic expansion 
to generate stress on the conductive electrodes. This creates 
a transition in conductivity, shown as the change of current 
against supplied voltage since the moisture dependent cur-
rent increases with increasing humidity [31, 32]. The sen-
sitivity of current also depends on the sweat which directly 
drop casted sensing surface, based on the amount of ions 
and charges present in the sample [33]. Sweat has shown 
prominent current generated by IDE/PDMS, yet it is lower 
than the current generated by bare IDE/PDMS. The results 
strongly imply the high-performance IDE/PDMS in contact 
with human sweat towards the electrical characterization. 
The high moisture content in sweat reduces the current due 
to the influence of skin conductivity and dielectric current 
which will be further analyzed in upcoming studies. The 
results justify that IDE/PDMS is sensitive only to human 
sweat and not artificial sweat samples which empowers its 
performance in skin hydration detections.

Skin hydration level analyzed in terms of impedance 
or current response against the fixed quantity of supplied 
voltage using human sweat samples. With the regard, the 
mechanical strength and durability of the electrode is essen-
tial for monitoring non-invasive physiological property 

Fig. 8   Evaluation of IDE/PDMS for real-time skin hydration analysis. The current curves represent the variation generated by IDE/PDMS when 
tested with water and human sweat. Figure inset displays the sensing system



	 S. Ramanathan et al.

1 3

756  Page 10 of 11

such as skin moisture level. IDE is regarded as a polariz-
able electrode as it develops large capacitance in contact 
with any substances [34, 35]. Human skin could not adhere 
large capacitance from the rigid electrodes. Moreover, IDEs 
are generally made up of metal electrodes difficult to stand 
firm against skin contact due to high contact resistance. This 
would create interruption at the dielectric space between 
electrode and skin surface, leads to improper conductiv-
ity and hydration detection. These reduce the mechanical 
strength of IDE and the device may lose its tendency for 
precise skin conductivity analysis [36, 37]. This challenge is 
easily tackled by developing a flexible polymer on IDE sur-
face to soften the electrode and affirm the fixation between 
the skin and electrode. As reported in recent technical analy-
ses, PDMS based IDE and other microfluidic devices are 
mechanically stable in terms of durability and suitability 
for wearable skin hydration detector. The flexible electrodes 
enhance the comfort of wearing sensors and provide a bet-
ter attachment with the skin for monitoring hydration levels 
[37–40]. In our presented research, we can deduce that the 
mechanical strength of electrode in terms of its durabil-
ity and suitability is good as the IDE/PDMS device cre-
ates a flexible electrode sensing platform in an approach 
of real-time non-invasive wearable skin hydration sensor. 
As illustrated in Fig. 8, the series of current–voltage char-
acterizations performed with IDE/PDMS device justify the 
appropriate mechanical strength of the sensor in generating 
a wearable skin hydration sensor.

4 � Conclusion

The research has presented a simple, cheap, and flexible 
skin hydration/dehydration sensor using aluminium IDE 
with PDMS matrix. The 250 µm aluminium electrode with 
400 µm gap sized was successfully fabricated through the 
conventional photolithography technique. The characteriza-
tion of fabricated IDE using HPM, SEM, and 3D profiler 
has affirmed the precision of the low-cost IDE fabrication. 
PDMS polymer has successfully coated on IDE and the 
3D-profiler characterization revealed the thickness of the 
PDMS matrix to be ~ 40 µm. The polymer-coated surface 
was further verified by AFM analysis. The electrical char-
acterization of IDE/PDMS implies that the device shows a 
high-performance in detecting skin hydration as it only gives 
appropriate results on human sweat. The developed IDE/
PDMS has shown zero effect on different concentrations of 
urea and with different pH. Thus, the presented research 
justifies the highly efficient PDMS coated IDE in detecting 
skin hydration/dehydration and encourages the approach 
of polymer coating on IDE for high-performance electrical 
characterization without any external influences.
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