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ABSTRACT

Skin-inspired electronics emerges as a new paradigm due to the
increasing demands for conformable and high-quality skin-sensor-
silicon (SSS) interfacing in wearable, electronic skin and health
monitoring applications. Advances in ultra-thin, flexible, stretch-
able and conformable materials have made skin electronics feasible.
In this paper, we prototyped an active electrode (with a thickness
< 2 um), which integrates the electrode with a thin-film transistor
(TFT) based amplifier, to effectively suppress motion artifacts. The
fabricated ultra-thin amplifier can achieve a gain of 32 dB at 20
kHz, demonstrating the feasibility of the proposed active electrode.
Using atrial fibrillation (AF) detection for electrocardiogram (ECG)
as an application driver, we further develop a simulation framework
taking into account all elements including the skin, the sensor, the
amplifier and the silicon chip. Systematic and quantitative simula-
tion results indicate that the proposed active electrode can effectively
improve the signal quality under motion noises (achieving >30 dB
improvement in signal-to-noise ratio (SNR)), which boosts classifi-
cation accuracy by more than 19% for AF detection.

1 INTRODUCTION

Emerging applications, from wearable, bio-medical therapy, dis-
ease prevention to electronic-skin, require flexible electronics to
provide continuous, long-term and high quality human-machine
interfaces with great comfortness and wearability for the users.
Among flexible electronic materials, the polymers, carbon nan-
otubes, nano-wires and nano-crystal show great potentialsfor skin-
inspired electronics [1-3] . Skin electronics, which involves flexible
materials and device integration to enable skin-like properties, has
enabled many desirable features for wearable applications such
as ultra-thin form factor, mechanical flexibility, stretchability and
conformable adhesion to the human body [4, 5]. Among various
emerging flexible materials, carbon nanotube (CNT) shows great
potentials for high-performance skin electronics due to its high
carrier mobility, mechanical flexibility, and low-cost manufacturing
[6]. In Fig. 1a-b, we designed and fabricated ultra-thin (<2um) CNT
circuits along with 3D illustration of the device’s layer structure,
where CNT thin-film transistor (TFT) circuits are fabricated on a
1 pm polymer substrate. As shown in Fig. 1b, electrodes, intercon-
nects, barrier, CNT and encapsulation layers are deposited in the
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Figure 1: a&b. Ultra-thin flexible CNT TFT circuits [7] ;
c. ultra-thin electronics enabled conformable contacts; d.
motion suppression with ultra-thin electrodes. Reproduced
with permission [4, 5]. Copyright 2013, 2014, Wiley .

illustrated order. In Fig. 1c, the scanning electron microscope (SEM)
of various electrode on artificial skin shows that a conformable con-
tact can be achieved with the ultra-thin circuits (<5 ym) [4]. Such
a conformable contact brings not only better wearability but also
effective suppression of motion induced artifacts for bio-signals
detection [5]. As illustrated in Fig. 1d, both normal and ultra-thin
electrodes are placed on the same place to record the ECG signal,
when the subject moves, indicated by the red arrow, a significant mo-
tion artifact appears for a traditional electrode while an ultra-thin
conformable contact electrode effectively suppresses the motion
noise. Therefore ultra-thin (<2um) CNT-TFT circuits are highly de-
sirable for the high quality and long-term skin-sensor-silicon (SSS)
interfacing for continuous health-monitoring applications.
Previous studies of skin electronics mainly focus on material and
device level innovations [8, 9]. In this paper, we demonstrate a skin-
sensor-silicon interfacing as illustrated in Fig. 3 and offer systematic
and quantitative analysis for the demonstration. The main focus
of the SSS interface is on detecting and improving signal quality
for wearable applications. We first demonstrate how an ultra-thin
electrode can effectively reduce the motion-induced noise and we
use an electrocardiogram (ECG) recording system as the use case.
After identifying the noise sources in an SSS link, we further pro-
pose the ultra-thin active electrode, which integrates an ultra-thin
CNT-TFT amplifier with the sensor/electrode as shown in Fig. 3b.
The ultra-thin amplifier provides low-noise signal amplification
for the signal-of-interest (SOI), is fully integrated with the ultra-
thin electrodes, and thus greatly boosts the signal integrity. The
signal quality improvement cannot be achieved by the typical con-
figuration consisting of thick electrodes and rigid silicon amplifier
located in a thick silicon chip (far away from the sensor/electrode),
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where noises have already entangled with the SOI in the intercon-
nects/interfacing as indicated in Fig. 3. Heavy signal processing
methods have been proposed to improve the signal quality [10, 11];
however, high power consumption (>10 mW) makes them not suit-
able for continuous wearable applications. Customized ASIC can
achieve < 1ImW power consumption [12], but its high cost (when
in low volume production) and relatively long developing periods
limit its broad adoption for a wide range of applications.

In this study, we designed and fabricated an ultra-thin active
electrode with an integrated ultra-thin CNT-TFT amplifier, success-
fully achieving a voltage gain of 32dB running at ~20 kHz, shown
in Fig. 4. To quantify the improvement of signal quality achieved
by the proposed active electrode, we develop an end-to-end simula-
tion framework for an SSS link including the skin, the sensor, the
amplifier, interconnects and a classifier for atrial fibrillation (AF)
detection, shown in Fig. 5. The framework enables analysis of how
front-end SSS design affects the overall system performance, such as
the classification accuracy for AF detection. The main contributions
of this paper are summarized as follows:

e Proposed an ultra-thin active electrode which integrates an
ultra-thin flexible amplifier with the electrode, opening a
brand new design space for skin-sensor-silicon interfaces.

e Designed and prototyped an ultra-thin CNT-TFT amplifier
with a gain as high as 32dB running at ~20 kHz, which
provides clear evidence of the feasibility of the proposed
active electrode design.

o Developed an end-to-end simulation framework which takes
into account all relevant elements including the skin-sensor-
silicon interface and the machine learning classifier, enabling
systematic exploration and analysis of the impacts of front-
end SSS interface on the overall classification accuracy.

e Quantitatively evaluated how the proposed active electrode
can improve the signal quality under motion noises (achiev-
ing >35dB signal-to-noise ratio (SNR) boost) and how the
front-end SSS design affects the overall classification accu-
racy (boosted from 65.5% to 84.6%).

The rest of this paper is organized as follows: Section 2 introduces
the SSS interface and our prototyped active electrode. Section 3
elaborates the end-to-end simulation framework including skin,
sensor, amplifier and a deep-learning based classifier. Quantitative
experimental results are described in Section 4. Section 5 discusses
possible directions for future improvements. Section 6 draws some
conclusion.

2 SKIN-SENSOR-SILICON INTERFACING

A high quality skin-sensor-silicon (SSS) interface is critical for ac-
quiring high-quality biological signals, while traditional Ag/AgCl
electrodes with wet conductive gels could not ensure comfortable
user experience particularly for continuous monitoring. Dry elec-
trodes are more comfort to wear, however, they are more vulnerable
to motion artifacts and interconnects noise [13, 14]. In contrast,
ultra-thin skin electronics provides a promising solution to high
quality interfacing suitable for long-term monitoring.

2.1 Noise Suppression via Near Sensor
Amplification

In an electrocardiogram (ECG) recording system, there are mainly
three noise sources: baseline wander (BW), electromyography (EMG)
and motion artifacts/interference [11]. The noise signals used in
this study are from the PhysioNet MIT-BIH noise stress database
[15]. Typical samples of these three noises, in both time and fre-
quency domain, are shown in Fig. 2. As illustrated, the BW noise lies
mainly in the low frequency domain (<0.5 Hz), which can be filtered
out using a high pass filter. EMG and motion noises are relatively
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Figure 2: Three main noises for ECG recording system; a.
waveforms of different noises; b. spectrum analysis (only 0-
20 Hz is shown here) and power comparisons (integral over
0.67-150 Hz).
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Figure 3: a. Illustration of a Skin-Sensor-Silicon interface;
b. proposed active electrode by integrating ultra-thin ampli-
fiers with the electrode.

widespread over 0-500 Hz. Our driving application in this study is
atrial fibrillation (AF) detection, whose useful information mainly
lies within 0.67-150 Hz [16]. Thus, we compared these three noises’
power in the band of 0.67-150 Hz. The motion noise turns out to
be the most significant noise source (Motion:EMG:BW=10:1:1), for
which an ultra-thin skin electronics could effectively overcome
such motion artifacts.

As presented in Fig. 3a, the motion artifacts can be suppressed
with an ultra-thin electrode which also offers conformable contacts
with skin; however, the subsequent parts, such as interconnects and
flexible/rigid interfacing, are still vulnerable to the motion noise. To
further improve the signal quality for such an SSS interfacing, we
propose a novel active electrode design, which integrates the elec-
trode with an CNT-TFT ultra-thin amplifier to effectively suppress
motion artifacts and interconnects’ interference. This idea is demon-
strated in Fig. 3b, where signal-of-interest (SOI) is pre-amplified
by the ultra-thin integrated amplifier. For study its feasibility, we
designed and prototyped an ultra-thin CNT-TFT based amplifier,
which will be elaborated in the following subsection.

2.2 Active electrode for the SSS Interfacing

Most previous reported TFT based amplifiers are thicker than 50
pum [17-19], which cannot meet the stringent requirement of con-
formability for seamless contacts. The organic TFT based amplifier
reported in [17] achieves a thickness of less than 5um; however,
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Figure 4: a&b. Die photo and schematic of the ultra-thin ac-
tive electrode prototype; c. measured frequency responses of
the amplifier and simulated results based on the device’s
compact model. Vpp = 3V, Vgg = —3V.

it’s 3 dB bandwidth is less than 20 Hz, which cannot meet the
performance requirement of most bio-signal applications.

Here, for the first time, we report an ultra-thin active electrode
integrated with a CNT-TFT based amplifier, which achieves both an
ultra-thin form factor and a bandwidth greater than 10 kHz running
at 20 kHz. In contrast to [17], which required manual efforts to wire
electrodes with the amplifier, we integrated everything in one ultra-
thin substrate. Unlike silicon circuits, most flexible TFT circuits
operate ~1-100 kHz due to the limited temperature tolerance of the
ultra-thin substrate [7, 20]. Thus, in comparison with the state-of-
the-art flexible circuits [17-19], the performance of our fabricated
CNT-TFT amplifier is highly competitive. Please note that ~GHz
performance has been reported for CNT based nanometer devices
using high temperature silicon process on a rigid substrate, which is
completely different from CNT-TFT devices fabricated on a flexible
substrate.

The die photo and schematic of the fabricated active electrode
is shown in Fig. 4a-b. The total area of the active electrode is only
(~300x650 um? excluding pads), where the white block is the elec-
trode/sensor and the red block is the two-stage CNT-TFT based
amplifier using only p-type devices. The fabrication of stable n-type
CNT-TFTs remains a longstanding challenge and the performance
is much worse than the p-type devices [21, 22], thus a mono-type
design style, named Pseudo-CMOS [23], is used to design the two-
stage amplifier (M; — Mg). One additional feedback transistor (Mo)
is used to control the feedback path and to provide tunability for
the frequency response.

As shown in Fig. 4c, adjusting Ve can tune the frequency re-
sponse, which offers greater flexibility and support broader applica-
tion scenarios for the proposed active electrode. The low-frequency
attenuation is determined by the effective capacitance value of the
electrode. And, the overall frequency response can be optimized by
properly sizing the transistors and choosing a suitable dielectric
material. In addition to achieving the state-of-the-art performance
(~32 dB gain and ~10 kHz 3 dB bandwidth), the peak power con-
sumption of the active electrode is ~500 uW only at a supply voltage
of 3V, which makes sharing of the power supply with silicon circuits
without power conversion feasible. A designated active electrode
for the ECG application will be described in Sec. 3.

The demonstrated performance, size, power consumption, and
conformability of the proposed ultra-thin active electrode show its
great potentials for bio-medical applications, such as ECG, EMG,
electroencephalogram (EEG) and electrooculogram (EOG) (which
usually require a bandwidth <2 kHz [24]). There are several direc-
tions for further improvement of the amplifier design, which will
be discussed in Sec. 5.
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Table 1: Equivalent Parallel RC Model
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3 END-TO-END SIMULATION FRAMEWORK

In this section, we introduce a simulation framework for systematic
and quantitative analysis of an SSS link based on the active electrode.
As shown in Fig. 5, the framework contains four main parts: the
ECG inputs (including noise), the skin-electrode model, the SPICE
model for CNT-TFT based amplifiers and the deep learning-based
classifier for atrial fibrillation (AF) detection. We built this frame-
work in MATLAB with customized interfaces to the SPICE engine
and the AF classifier. This framework, enabling us to systematically
explore and analyze how front-end skin-sensor interface will affect
the overall classification accuracy, will be open-sourced to enable
further innovations on skin electronics based on active electrodes.
In the following, we introduce the setup for each of the four parts.

3.1 ECG and Noise Database

Experiments in this study use ECG signals from the PhysioNet MIT-
BIH database for performance analysis [16]. A typical waveform
and spectrum of the MIT-BIH sample is shown in Fig. 6a-b. Later,
we will use the AF detection for ECG as a driving application to
evaluate the improvement achieved by the active electrode. Critical
information for AF detection lies within 0.67-150 Hz, which is an
important guideline the amplifier design [25, 26].

Noise injection: To simulate the noisy ECG signals, noises from
the MIT-BIH noise stress database [15] are added to the clean ECG
signal described as following:

Noisy ECG = Clean ECG + a * Noise (1)
SNR = lOlog(Spawer/(Npawer * az)) (2

where Spower and Npower stand for the signal power and the noise
power respectively and « is a scale factor. Based on Egs. (1)-(2), we
can generate noisy ECG signals with various SNR levels.

3.2 Skin-electrode Equivalent Model

The skin-electrode contact can be modeled as series of parallel RC
circuits, where each coupling layer, such as the skin, the electrode
dielectric and the air gap, can be modeled by a RC equivalent circuit
and such a simple RC approximation turns out to be sufficiently
accurate for analyzing low frequency bio-medical signals (<2 kHz)
[14]. Typical RC values for the skin, the electrode dielectric and air
gaps are summarized in Table 1.

3.3 Ultra-thin CNT-TFT Based Amplifier

We used the recently developed SPICE model for the CNT-TFT [20],
which has been thoroughly validated with wafer level CNT-TFT de-
vices and circuits, for simulation and optimization of the amplifier.
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Figure 6: a&b. Recording of a MIT-BIH ECG signal; c. de-
signed amplifier for ECG applications.

We extracted all model parameters based on our CNT-TFT’s mea-
surements and validated the results with measurement from the
fabricated amplifier as shown in Fig. 4c, where simulation results
match well with the measured frequency responses. After con-
firming strong correlation between simulation and measurement
results, the CNT-TFT model is used for design and optimization of
the amplifier. Specifically, we follow the same topology described
in Fig. 4b and optimize transistor sizes for AF detection from the
ECG signals. Using long-channel (100pum) devices and optimized
CNT-TFT ratios, the amplifier achieves great amplification (=30 dB
when Ve > 2V) meanwhile no attenuation is introduced (~ 0°
phase shift) in the band of 0.67-150 Hz, which is well-suited for
ECG signals as shown in Fig. 6c.

3.4 Atrial Fibrillation Classifiers

Electrocardiogram (ECG) recording is an important clinical tool for
detecting cardiac disorders. Among them, atrial fibrillation (AF) is
the most prevalent cardiac arrhythmia and can occur in sustained
or intermittent episodes [25]. We benchmarked a feature-based and
a deep learning approach on single-lead ECG recordings for the
task of AF detection. The feature-based approach extracts various
hand-crafted features on time/frequency domain, including heart
rate variability (HRV) and morphological characteristics [26], and
then feed them to a random forest for classification. However, as
shown in Fig. 10a the change of rhythm from normal to AF ECGs
has high variations, and such generic features may not be sufficient
to fully represent the underlying characteristic of ECGs. Against
this backdrop, we evaluated deep learning-based approach to auto-
matically learn features at multiple levels of abstraction. Specifically,
we deployed ResNet [27] as the network structure, of which the
convolutional layer is the major feature learning component. The
network takes fixed-length segments of 5 seconds each as input and
produces a prediction for each segment. The overall classification
for an entire ECG signal is the average of individual, segment-wise
predictions. These two classifiers are used to quantify the impact of
the front-end SSS design on the system level classification accuracy.

4 SIMULATION RESULTS AND ANALYSIS

With our simulation framework, we conducted both frequency and
time domain analysis, which provides comprehensive evaluation.
First, we analyzed the benefits brought by the conformable contact,
which essentially eliminates the attenuation caused by air gaps. We
then examined the SNR boosts achieved by the active electrode. We
also made comparisons with advanced signal processing methods.
Finally, we investigated the impact of the input ECG’s SNR on the
accuracy of the AF classification.
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4.1 Ultra-thin Electrode Enabled Attenuation
Reduction

The equivalent circuit diagrams of a traditional electrode and an
ultra-thin electrode are shown in Fig. 7a-b, where the air gap is elim-
inated by a conformable contact of the ultra-thin electrode. Based
on the RC parameters in Table 1, we simulated the frequency re-
sponse of the skin-sensor-amplifier interfacing with a conformable
contact, a small air gap and a big air gap respectively and summa-
rized the responses in Fig. 7c. We can observe that the unavoidable
air gap of a traditional electrode introduces attenuations in both
gain and phase of the skin-electrode-amplifier link. For the time
domain analysis, we chose an ECG segment with sharp dynamic
behaviors, indicated by the red block in Fig. 6a, which has rich
information in the frequency domain. For better visualization, we
scale the amplitude of the output waveform and overlap it with the
input waveform. As shown in Fig. 8, there are significant discrepan-
cies and attenuations caused by the air gap while the conformable
electrode shows great consistency between the input and output
waveforms. For traditional electrodes, the air gap varies and the mo-
tion changes lead to unpredictable attenuations and noises, which
pose significant challenges for AF detection. On the other hand,
ultra-thin electrode minimizes the motion induced noises as the air
gaps are eliminated.

4.2 Active Electrode Enabled SNR Boosts

In this following, we analyze the improvement to signal quality
due to the active electrode under the motion artifacts, the BW noise
and the EMG noise. Locations to inject these noises in an SSS link
are indicated in the Fig. 5. Since the motion noises are suppressed
for the ultra-thin active electrode, we assume that the motion noise
mainly impacts the interconnects between flexible electrode and
rigid silicon chip. EMG and BW noises, caused by body potential
changes, are thus mixed with the ECG signal at the origin of the
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Table 2: Evaluations under BW and EMG noises.

BW |MIT-BIH#] 103 [ 105 ] 111 [ 116 | 122 [ 205 | 213219 [ 223 [ 230 | Average =~ EMG [MIT-BIH#| 103 | 105 | 111 | 116 | 122 | 205 | 213 | 219 [ 223 | 230 | Average

Noise Noise

Input |0.00 266 |2.68|2.64|256 |2.55 |2.57|2.67|2.65|2.63|261 |2616 Input | 0.00 -3.05 |-3.03 |-3.06 |-3.15 |-3.15 |-3.14 |-3.04|-3.06 |-3.08 |-3.10|-3.086

SNR [ 25 391 |3.93[389|381 |3.80 [3.82|3.92|300(388|386 |3.866 SNR 1 25 1.80 |-1.78 [-1.81 |-1.90 [-1.90 |-1.89 |-1.79]-1.81|-1.83 |-1.85|-1.836
5.00 7.66 |7.68|7.64|7.56 |7.55 |7.57|7.67|7.65|7.63|7.61 |7.616 5.00 1.95 [1.97 [1.94 [1.85 [1.85 [1.86 [1.96 [1.94 [1.92 [1.90 [1.914

SSS link. In principle, the proposed method should be able to effec-
tively overcome the motion noise while no significant difference
would be observed for BW and EMG noises. We examine the SNR
improvement under the motion noise first followed by evaluation
with EMG and BW noises.

Comparison under the motion noise: We compared the SNR
improvement achieved by our proposed method with those purely
based on signal processing methods, such as wavelet transform
(WT), denoising auto-encoder (DAE) and deep neural network
(DNN) methods [10, 11]. For a fair comparison, the same 10 Phys-
ioNet ECG recordings are chosen for the analysis and three different
input SNR levels, 5 dB, 1.25 dB and 0 dB respectively, are gener-
ated based on Egs. (1)-(2) for simulation. The simulation results
are summarized in Fig. 9, where x-axis is the ECG recording index
and y-axis is the output signal’s SNR. The ultra-thin active electrode
clearly outperforms all state-of-the-art signal processing methods
for motion suppression under a wide range of noise levels. The
peak power consumption of the active electrode is only about 300
uW, which shows significant energy saving compared to the heavy
signal processing methods (>10 mW). Note that our method is a
hardware-based solution which can be combined with advanced
signal processing to further improve the system performance.

Evaluations under BW and EMG noises: Similarly, evalua-
tion results of the active electrode under EMG and BW noises are
summarized in Table 2, where the first row indicates the record-
ing index and following rows correspond to the output SNR under
different input noise level. Not surprisingly, the active electrode
slightly suppresses the BW noise (mainly lies in <0.5 Hz) since the
amplifier has a 3 dB corner ~0.1 Hz as shown in Fig. 6c, which
partially filters out the BW noise. For the EMG noise, the signal
quality drops slightly (~ 3dB) since the widespread nature (over
0-500 Hz), which has a large overlap with the amplifier’s high gain
region. The slightly SNR drop is acceptable since the motion noise is
the most significant noise source (Motion : EMG: BW ~ 10:1: 1),
as presented in Fig. 2b.

4.3 SNR vs. Classification Accuracy

To assess the impact of the front-end SSS interfacing on the system
level accuracy of AF detection, we evaluated both feature-based
and deep learning-based AF classifiers under various motion noise
levels (SNR ranging from 0 dB to 35 dB) on publicly available Phys-
ioNet data set, which contains 8,528 ECG recordings [24]. Five-fold
cross-validation is applied to assess the two classifiers, and the
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recordings; b. classification accuracy improvement with in-
creasing level of SNR on both of feature-based and deep
learning-based approach.

classification accuracy is measured using the averaged true posi-
tive rates over normal and AF ECG recordings. The ResNet model
is trained with error backpropagation using Adam optimizer and
categorical cross-entropy as the loss function. During training, we
reduce the learning rate by a factor of 10 until validation loss con-
verges. The weights that achieve the best validation accuracy are
selected for final evaluation. As shown in Fig. 10b, the accuracy
of both the hand-crafted classifier and the deep neural network
classifier increases as the SNR improves. Utilizing our front-end SSS
design, we can boost the SNR from 0 dB to >35 dB, which in turn
improves classification accuracy by >11% and >19% for the hand-
crafted classifier and the deep-learning based classifier respectively.
The ultra-thin SSS interface can alleviate signal attenuations and
boost the signal quality under motion noises, which is critical to
achieving high accuracy for AF classification.

5 DISCUSSION AND FUTURE WORK

One main challenge for the ultra-thin TFT circuits is that TFTs
exhibit high 1/f noise, whose magnitude decreses as the freuency
increses, shown in Fig. 11. From the measured 1/f noise over 0-100
kHz, we can see that the 1/f noise falls directly in the band of interest
for ECG signals. The chopper stabilization technique can be used to
effectively reduce the 1/f noise [28]. The key idea is using a carrier
signal to up modulate the ECG signals to a relative high frequency
range, where the 1/f noise is significantly lower (~ 10*X) than the
low frequency range as illustrated in Fig. 11. Our fabricated CNT-
TFT amplifier has already demonstrated an operation speed >20kHz,
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thus this technique can be readily applicable for reducing 1/f noise
[28]. A single end topology is currently used for our prototyped
amplifier; however, for better suppression of common mode noise,
a differential topology should be considered. Other system aspects,
such as hardware/software co-design and exploration of trade-offs
between the silicon electronics and the skin electronics, could also
be investigated.

6 CONCLUSION

In this paper, we introduce an emerging paradigm for skin elec-
tronics, which shows great potential for high quality and long-term
skin-sensor-silicon interfacing. Specifically, we propose an active
electrode design and demonstrate a prototype of skin electronics
based SSS interfacing. Besides measurement results, quantitative
and systematic simulation results further confirm that the ultra-
thin SSS interfacing can bring significant accuracy boosts for AF
detection. In addition to the driving application (AF classification
for ECG signals), the developed active electrode and simulation
framework can be applied to other applications involving human-
machine interfacing. Finally, promising future research directions
are highlighted for further innovations on skin electronics.
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