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       Capacitive sensing of electrophysiological (EP) signals 
involves measurements of electrical coupling between bio-
logical tissues and electrodes, mediated by an intervening 
dielectric layer. Using this approach, electrocardiograms 
(ECGs), electromyograms (EMGs), electrooculograms (EOGs), 
and other EP signals can be recorded in a manner that allows 
the electrode materials to be fully encapsulated and protected 
from the surroundings. Such features facilitate sterilization 
and enable cleaning for reuse; they also enhance safety by 
eliminating leakage currents and electrical shorts between the 
devices and the biology. For use on the skin, this design also 
avoids irritation and allergic reactions that can be caused by 
electrolyte gels [  1  ]  or by direct contact of metal electrodes. [  2,3  ]  
Past work demonstrated capacitive sensors that combine fl at, 
rigid electrodes or conductive fabrics with various insulators 
such as pyre varnish, [  4  ]  silicone dioxide, [  5  ]  polydimethylsi-
loxane (PDMS), [  6  ]  or cloth. [  7  ]  Although such electrodes can be 
fi xed by caps, belts, or tapes to the skin, [  8,9  ]  conformal contact 

can be diffi cult to guarantee. As a result, acquired signals can 
be susceptible to artifacts associated with motion-induced 
changes in the coupling capacitance. In addition, the relatively 
thick, bulk nature of these electrodes can lead to inconvenient 
form factors, limited options in mounting locations, and dis-
comfort in long-term usage. 

 Previously, deformable capacitors were demonstrated as 
sensors [  10–13  ]  for measuring pressure or strain. Approaches to 
capacitive sensing of EP are possible by using the principles of 
epidermal electronic systems (EES), [  14  ]  in which key physical 
properties of the devices—area mass density, thickness, and 
effective mechanical modulus—are designed to match those 
of the epidermis. Here, integrated electronics and sensors 
take the form of thin, stretchable membranes that can be inte-
grated with the skin in a way that yields intimate, conformal 
contact at the electrode–skin interface by van der Waals interac-
tions alone. Addition of capacitive sensing capabilities in EES 
structures offers an opportunity to enhance the robustness in 
operation for EP measurement over both conventional capaci-
tive approaches and previously demonstrated direct contact 
EES electrodes. This paper introduces capacitive EES designs 
that are reusable, electrically safe, and minimally sensitive to 
motion artifacts. Demonstration experiments on human sub-
jects illustrate levels of fi delity in ECG, EMG, and EOG record-
ings that are comparable to those of standard gel electrodes and 
of direct contact EES electrodes. 

  Figure    1  a shows an example of capacitive EES electrodes 
for measurement, ground, and reference coupled to the skin 
through a soft, elastomeric insulating layer. The sensing mech-
anism relies on displacement currents (Jd = εrε0

dE (t)
dt  );   ε   r : rela-

tive permittivity of the material,   ε   0 : vacuum permittivity, and 
 E ( t ): time-varying electric fi eld) induced in electrodes that lie in 
proximity to the skin. The resulting signals are captured as volt-
ages measured using a pre-amplifi er with high input imped-
ance. In this manner, EP recordings occur indirectly without 
direct electrode contact or charge transport.  

 Capacitive sensors in the EES design (Figure  1 b) can nat-
urally achieve conformal contact against the soft, rough, 
and irregular surfaces of the skin. The low modulus, elastic 
mechanics of the device also avoids any constraints on 
natural motions of the skin. The construction relies on three 
gold electrodes (200 nm in thickness) insulated with silicone, 
associated interconnect wires, and an anisotropic conductive 
fi lm (ACF; Elform, USA) that connects to peripheral bonding 
pads for external data acquisition. To afford the desired soft 
mechanics, the electrodes exploit fi lamentary serpentine (FS) 
mesh layouts (30  μ m in width) as shown in Figure  1 c, and 
reported previously. The interconnect metal is encapsulated 
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between layers of polyimide (PI; 300 nm in thickness, Sigma-
Aldrich, USA) on top and bottom, thereby positioning the 
metal at the neutral mechanical plane (NMP) of the structure. 
This layout minimizes bending stresses in the active mate-
rials. The contact pads are exposed to allow bonding to ACF, 
which connects the capacitive sensor to the measurement cir-
cuit for signal acquisition. According to fi nite element analysis 
of the mechanics, stretching the structure to tensile strains of 
≈30% (the limit of elastic deformation of the skin [  15  ]  induces 
maximum principal strains of only 0.8% in the metals (frac-
ture strain of Au ≈1%) (Figure S1, Supporting Information). 

 The processes for fabricating a capacitive EES and applying 
it onto the skin appear in Figure S2 (Supporting Information). 
The Experimental Section provides the details. A thin silicone 
substrate (5  μ m thickness; Solaris, Smooth-On, USA) coated on 
a water-soluble polymer sheet (polyvinyl alcohol (PVA), Haining 
Sprutop Chemical Tech, China) serves as a substrate. The latter 
provides a temporary support to allow manual mounting on 
the skin. Capacitive sensors in the EES design require a trans-
parent, biocompatible insulating layer with high permittivity, 
large stretchability, and large adhesion force for strong signal 
coupling, accommodation of skin deformation, and robust 
lamination onto the skin, respectively. Table S1 (Supporting 
Information) compares properties of some commercially avail-
able transparent, biocompatible materials (PDMS, Solaris, and 
spray-on-bandage). Among these materials, Solaris (Smooth-
On, USA) offers the most suitable set of properties: moderate 
relative permittivity (2.78), large adhesion force, low elastic 
modulus (98 kPa; 2:1 Solaris) and high elongation at break 
(290%). Further improvements in permittivity can be achieved, 
for example, by mixing high-k nanoparticles (e.g., BaTiO 3 ) 
into the silicone matrix. [  16  ]  As demonstrated in the following, 

even these pure silicone materials, in the thicknesses reported 
here, provide suffi cient electrical coupling. After laminating 
the device onto the skin, the PVA sheet is removed by applying 
water, thereby leaving only the EES adhered conformally onto 
the skin by van der Waals interactions. 

 The external measurement system exploits an ultra-high 
input impedance voltage follower with amplifying and fi ltering 
circuitry ( Figure    2  a). In comparison to conventional direct-
contact Ag/AgCl electrodes with coupling gels, the impedance 
between the skin and a capacitive electrode is high due to the 
presence of the insulating layer. [  17  ]  As a result, a pre-amplifi er 
with ultra-high input impedance must be used for signals 
acquisition with low loss. The gain of the pre-amplifi er, which 
uses a voltage follower design, can be approximated as:

G(s ) = VouVV t(s )

VinVV (s )
= sCE RB

1 + s (CE + Cin)RB
      

(1)
 

 where  C  E  is the capacitance of an insulated electrode,  R  B  is a 
bias resistance between the ground and the input of the opera-
tional amplifi er (op amp),  R  in  and  C  in  are the input resistance 
and capacitance of the op amp, respectively. A signal can be 
capacitively coupled with near unity gain when  C  E  is much 
larger than  C  in . Our system uses an op amp with ultra-high 
input impedance and extremely low-input capacitance (OPA124, 
Texas Instruments, USA; Impedance = 10 14  Ω   3pF).  R  B  helps 
to eliminate static charges that can potentially accumulate at 
the skin–electrode interface. Because the parallel connection 
of  C  E  to  R  B  forms a fi rst-order high-pass fi lter, as indicated in 
Equation  1 , the bias resistance ( R  B  = 40 G Ω ) must be carefully 
chosen to yield a cutoff frequency ( fcff = 1

2BRBCE
 ) outside of the 

operating frequency band. [  6  ]   

      Figure 1.  Schematic illustration of an epidermal electronic system (EES) with a capacitive sensor for electrophysiological (EP) measurement using insu-
lated electrodes for measurement, ground and reference. a) Capacitive EES on the skin and an equivalent circuit model. Capacitive coupling through 
the insulation layer provides the basis for detecting EP signals. b) Optical image of a capacitive EES, c) Scanning electron image of a unit cell of the 
fi lamentary serpentine (FS) mesh electrode structure. The fi laments, which consist of thin metal fi lms encapsulated above and below by coatings of 
polyimide, have widths of 30  μ m and total thickness of <1  μ m. 
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 An instrumentation amplifi er (AD620, Analog Devices, 
USA; common-mode rejection ratio = 100 dB) amplifi es the 
potential difference between the measurement and the ref-
erence electrodes, to suppress common mode noise in each 
input signal. A driven ground (Figure S3, Supporting Informa-
tion) provides negative feedback of the residual common-mode 
noise to the ground on the skin, thereby further improving 
the signal-to-noise ratio (SNR). The amplifi er and fi lter unit 
provide tunable gain (60–80 dB) for ECG, EMG, and EOG 
measurements. The passband of the circuit can be digitally 
varied using LabVIEW software (National Instruments, USA). 
A 60-Hz notch fi lter eliminates power line interference. The 
acquired signals are digitized at a sampling rate of 1 kHz by 

an analog-to-digital convertor (NI USB-6363, National Instru-
ments, USA) and displayed on a computer screen. A schematic 
diagram of the detailed circuit design and a printed circuit 
board embodiment appear in Figure S4 (Supporting Informa-
tion). Figure  2 b presents gain-frequency spectra measured in 
the ECG, EMG, and EOG measurement modes. The system 
provides a gain of 60 dB in the range of 0.5–100 Hz for ECG; 
and a gain of 80 dB in the range of 10–500 Hz and 0.5–20 Hz 
for EMG and EOG, respectively. 

 Capacitance between the skin and the insulated electrodes 
( C  E ) determines the SNR through its effect on the gain of the 
pre-amplifi er. The infl uence of electrode design on capacitive 
coupling is, therefore, important. Systematic studies based 

      Figure 2.  Design and characteristics of capacitive sensing system. a) Schematic diagram of the capacitive sensing system. Signals from the measure-
ment and reference electrodes are amplifi ed and fi ltered through a circuitry, and digitalized data are recorded in a computer. The driven ground pro-
vides negative feedback to eliminate common noise. b) Gain-frequency spectrum obtained in ECG, EMG, and EOG measurement modes. −3 dB cutoff 
frequency reading shows a passband of 0.5–100 Hz in ECG mode; 10–500 Hz in EMG mode; and 0.5–20 Hz in EOG mode. c) Plot of a pre-amplifi er 
gain as a function of frequency for variant thicknesses of the insulation layer, d) Plot of gain dependence on the electrode area, e) Amount of leakage 
current through electrodes in various contact senarios: 1) capacitive contact in water, 2) capacitive contact in ambient environment, 3) direct contact. 
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on capacitive EES measurements of AC signals introduced 
onto metal substrates reveal the effects (Figure S5, Supporting 
Information). Figure  2 c shows the pre-amplifi er gain over a 
frequency range of 0.1–400 Hz for different insulation layer 
thicknesses on FS electrodes with sizes of 1 cm × 1 cm and 
areal coverages of 25%. The increase in gain at low frequen-
cies (<2 Hz) results from the high-pass fi lter behavior of the 
pre-amplifi er. Of the cases studied, capacitive electrodes with 
5  μ m-thick insulating layers exhibit the highest stable gain over 
the frequency range of interest, due primarily to their relatively 
high  C  E  (≈120 pF). As expected, the gain is also improved as the 
 C  E  is increased by increasing the sizes of the electrodes. 
Figure  2 d shows effects of size from 0.5 cm × 0.5 cm to 4 cm × 
4 cm, each with an areal coverage of 25%. 

 Thin insulating layers are preferred due to their ability to 
enhance conformal contact with the skin. Such contact is pos-
sible when the adhesion energy of the contact is larger than the 
sum of the bending energy associated with the EES and the 
elastic energy of deformation of the skin. According to an ana-
lytical mechanics model in which the skin surface morphology 
is assumed to be sinusoidal with a characteristic amplitude 
(55  μ m) and wavelength (140  μ m), [  18  ]  the critical thickness (i.e., 
total effective thickness of the EES) for perfect conformal con-
tact is ≈30  μ m (Figure S7, Supporting Information) when the 
membrane consists of an insulating layer of Solaris (Young’s 
modulus: 98 kPa) on top of a 5- μ m-thick substrate layer of 
Solaris with the EES electrodes (plane-strain modulus of Au: 
97 GPa, areal ratio of EES on the Solaris membrane: 25%). This 
critical thickness decreases with skin motion due to a new skin 
morphology that induces additional strain on the initially con-
formed EES/skin system. For the skin stretching up to 30%, 
however, the total critical thickness (resulted from both Solaris 
insulation layer and 5 µm-thick Solaris substrate layer) remains 
greater than 26 µm (Figure S8, Supporting Information). Sup-
porting Information shows details of the interface mechanics 
between EES and the skin. An EES constructed with a 5- μ m-
thick layer of Solaris as an insulator (total thickness of the EES 
≈ 10  μ m) is well below this critical thickness. This design serves 
as the basis for device measurements described hereafter. 

 The capacitive design removes the possibility of electrical 
leakage from the electronics to the body and fl uidic leakage 
from the body to the electronics. Electrical leakage can repre-
sent a health risk, even at relatively low levels, especially for 
patients with weakened immune systems. According to the 
general standard (IEC 60601–1) for medical electrical equip-
ment, [  19  ]  maximum leakage currents must be below 0.5 mA. 
Measurements (Figure  2 e) show that a capacitive EES with 
FS electrodes that span an area of 1 cm × 1 cm with 25% cov-
erage exhibit leakage currents below 10 nA when 5 mA passes 
through the structure, for both dry and wet conditions. Such 
properties ensure electrical safety not only for use on the skin 
but also for application on surfaces of internal organs such as 
the heart and the brain. 

 The insulation layer also serves as an effective encapsulant to 
prevent degradation of the electrodes, thereby facilitating steri-
lization and enabling cleaning operations for reuse. The results 
of  Figure    3   demonstrate some of these features. Here, the EES 
(10  μ m in total thickness), initially attached on the right forearm 
for EMG measurement, is retrieved using a water-soluble tape 

(3M, USA) as a supporting substrate. The same device is then 
sterilized with a 70% isopropyl alcohol swab (Dukal, USA), and 
subsequently applied to the chest, where the tape is washed 
away, and ECG signals are acquired. We could repeat 10 cycles 
of removal, sterilization, and re-application of a single device 
without any damage, thereby enabling reuse.  

 The performance of a capacitive EES can be directly com-
pared to that of a conventional Ag/AgCl electrode with conduc-
tive gel and a direct contact EES electrode by use of the Pearson 
correlation coeffi cient ( r ), [  20  ]  defi ned as:

r i
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 where  X i  ,  Y i   and X  , Y  denote the  i  th  sample and the mean for 
each data set, respectively. The capacitive EES was prepared 
in confi gurations described previously: 1 cm × 1 cm FS elec-
trodes with 25% area coverage, a 5- μ m-thick Solaris insulating 

      Figure 3.  Demonstration of sterilization and recycling processes of a 
capacitive EES. The scale bar indicates 1 cm. The device initially on the 
right forearm for EMG measurement is moved to the left chest for acqui-
sition of ECG signals through a process as follows: 1) Capacitive EES on 
the forearm ready for retrieval, 2) Removal of the device using a water-
soluble tape, 3) Completely detaching it from the skin, 4) Sterilizing the 
device using an alcohol swab, 5) Attaching it on the left chest, 6) Dissolu-
tion of the water-soluble tape with water. 
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layer and a 5- μ m-thick Solaris substrate. The measurements 
involve contact of the capacitive EES, direct contact EES (same 
design as the capacitive EES, but without the Solaris insulating 
layer), and conventional gel electrodes (1 cm in diameter) on 
the left side of the chest for detection of ECG signals. With the 
capacitive EES, the P wave, the QRS complex and the T wave 
are clearly defi ned, with a quality of measurement that is com-
parable to that of data obtained using conventional electrodes 
and direct contact EES (Figure   4  a,b). The ECG signals from 

capacitive EES and conventional electrodes have  r  ≈ 98%, which 
is very close to the value ( r  ≈ 99%) for ECG signals from direct 
contact EES and conventional electrodes.  

 A major disadvantage of conventional capacitive detection 
is its susceptibility to artifacts caused by motion-induced vari-
ations in capacitive coupling. [  21  ]  To minimize such effects, the 
electrodes must maintain robust, intimate contact with the 
skin during movement. Conventional capacitive sensors use 
rigid electrodes with small, sometimes poorly controlled, air 

      Figure 4.  Applications of capacitive EES. a) Plot of ECG signals measured using standard gel electrodes with direct contact (blue), direct contact EES 
(red), and capacitive EES (green). b) Magnifi ed view of a ECG signal in (a). c) Comparison of capacitive fl at, rigid electrodes, and capacitive EES in 
terms of motion artifact in ECG signals. Red arrows indicate the point in time that the upper body moved. d) Sensor locations on the chest for ECG 
measurement for the experiment in (c). e) Sensor location on the face for EOG measurement. f) Plot of EMG signals measured using standard gel 
electrodes, direct contact EES, and capacitive EES while different hand gestures are made. g) Plot of EOG signals measured using standard gel elec-
trodes, direct contact EES, and capacitive EES while reading a book. 
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of PI (300 nm in thickness through dilution with pyrrolidinone, Sigma-
Aldrich, USA). Photolithographic patterning of a bilayer of Cr (5 nm)/
Au (200 nm) deposited by electron beam evaporation defi nes the layout 
of the EES. Casting another layer of PI (300 nm in thickness) locates 
the metal at the neutral mechanical plane (NMP). Reactive ion etching 
of selected regions of the PI exposes the EES electrodes and bonding 
pads. A water-soluble tape (3M, USA) enables retrieval of the resulting 
mesh structure, to expose its back surface for deposition of Ti (5 nm)/
SiO 2  (80 nm) by electron beam evaporation. Transfer to a thin silicone 
substrate (Solaris, Smooth-On, USA) coated on a sheet of PVA (Haining 
Sprutop Chemical Tech, China) results in the formation of strong bonds 
due to condensation reactions between exposed hydroxyl groups on the 
SiO 2  and the silicone. Washing away the tape completes the transfer. 
The fi nal step in the fabrication involves spin-casting silicone (Solaris, 
Smooth-On, USA) to form the insulation layer for capacitive detection. 

  Experiments on Human Subjects : All experiments on human skin 
were conducted under approval from Institutional Review Board at the 
University of Illinois at Urbana-Champaign (protocol number: 13229).  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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date skin deformation in real time. This type of coupling mini-
mizes motion artifacts (Figure S6; interface mechanics analysis 
(Figure S8, Supporting Information). Measurements of sen-
sitivity to body movement for ECG signals acquired from the 
chest ( Figure   4 d) using capacitive EES and capacitive fl at, rigid 
electrodes highlight the differences. Both sensors use a 5- μ m-
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