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ABSTRACT For infants admitted at neonatal intensive care unit, the continuous monitoring of health param-
eters is critical for their optimal treatment and outcomes. So it’s crucial to provide proper treatment, accurate
and comfortable monitoring conditions for newborn infants. In this paper, we propose wearable sensor
systems integrated with flexible material based non-invasive sensors for neonatal monitoring. The system
aims at providing reliable vital signs monitoring as well as comfortable clinical environments for neonatal
care. The system consists of a smart vest and a cloud platform. In the smart vest, a novel stretching sensor
based on Polydimethylsiloxane-Graphene (PDMS-Graphene) compound is created to detect newborns’
respiration signal; textile-based dry electrodes are developed to measure Electrocardiograph (ECG) signals;
inertial measurement units (IMUs) are embedded to obtain movement information including accelerated
speed and angular velocity of newborn wrists. Experiments were conducted to systematically test the
sensing related characteristics of the aforementioned flexible materials and the performance of the proposed
multi-sensor platform. The results show that the proposed system can achieve high quality signals. The
wearable sensor platform is promising for continuous long term monitoring of neonates. The multi-modal
physiological and behavioral signals measured by the platform can be further processed for clinical decision
support on the neonatal health status.

INDEX TERMS Neonatal monitoring, wearable sensor, flexible materials, electrocardiograph (ECG),
respiration.

I. INTRODUCTION
Neonatology is a subspecialty of pediatrics that cares for
newborns. Both full-term and preterm infants who suffer from
a severe illness during or immediately after birth are admitted
to the neonatal intensive care unit (NICU). For babies treated
in the NICU, continuous monitoring of vital signs plays a
crucial role in providing adequate and timely medical care.

The associate editor coordinating the review of this manuscript and

approving it for publication was Venkata Rajesh Pamula .

In clinical practice, vital signs for neonatal monitoring in
NICU include electrocardiogram (ECG), heart rate, respira-
tion, body temperature and blood oxygen saturation [1], [2].
Traditional monitoring methods usually take accuracy as the
first priority, and the comfort of neonates is often overlooked.
For instance, ECG signals are acquired by adhesive elec-
trodes, which may cause skin damage and discomfort to
newborns [3]. The most commonly used method for detect-
ing respiratory signals is transthoracic impedance detec-
tion [4]–[6], which still uses adhesive electrodes to acquire
signal in clinical practice. In addition, the detection method
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is susceptible to motion artifacts. Moreover, in a typical
NICU environment, the large amount of wires from instru-
ments for collecting vital signs may cause pain and stress on
newborns. It is well known that pain and stress negatively
impact the brain development of prematurely born infants
which may lead to cognitive disturbances and behavioral
problems [7].

In recent years, in addition to the data capture technology
for processing and decision support [8], different types of
wearable sensors and devices, such as accelerometers and
gyroscopes, smart fabrics and actuators and wireless commu-
nication networks have been developed for clinical research
and health monitoring. Health monitoring is an essential
application of wearable sensor systems, especially for infants.
Together with the advancement of sensor techniques, wear-
able sensor systems have created a new direction for constant
health monitoring of infants. For example, a fully integrated
sensory baby vest including sensors for measuring electro-
cardiography (ECG), respiration, temperature and humidity
(used to detect excessive sweating), is developed to detect
potential life-threatening events early [9]. Conductive tex-
tile wires are used to integrate the sensors into a prototype
belt made of soft bamboo fabrics with a negative temper-
ature coefficient (NTC) sensor rather than hard wires to
demonstrate temperature monitoring to improve the infant
comfort [10]. Bouwstra et al. developed a neonatal smart
expandable jacket for newborns, which can measure ECG
through textile electrodes. Several experiments were carried
out to demonstrate the prototype [11]. Another example is a
wearable multi-parameter monitor called BBA bootee, which
was developed to monitor infants at significant risk of life-
threatening events (ALTE). The sensors, electronics and the
power supply are integrated into the bootee to provide reliable
pulse oximetry measurements and useful information about
the infant’s movement and position [12].

Although the aforementioned wearable systems are con-
venient and the monitoring is continuous, in most of the
systems, no systematic verification for the signal quality
was carried out. Furthermore, the wearable systems are still
limited by an array of problems that severely hinder their
performance. For instance, one of the main problems in
collecting ECG signals with textile electrodes is the hetero-
geneity of the skin-electrode impedance. Without buffering,
this impedance may seriously distort the ECG data [13].
Another major problem associated with ECG signals using
textile electrodes is motion artifact, which refers to the noise
in the ECG signal caused by the relative movement between
the skin and the electrode. In addition, wearable monitoring
methods for respiratory signals also have problems. The fea-
sibility of several sensors in wearable respiratory monitoring
systems has been studied: Piezo-sensor or three-dimensional
accelerometers signals [14]. However, the respiratory sig-
nal collected by piezo-sensors or three-dimensional accel-
eration sensors contains a large number of motion artifacts,
which affect the accuracy of respiratory rate measurements.
Proposed by Chadha et al. [15], the Respiratory induction

plethysmograph (RIP) method consists of an inductive band,
that is attached to the abdomen or chest. The resistance of
the band varies with stretching. Since the chest/abdominal
circumference changes during respiration, RIP - based respi-
ratorymonitoring is an effective method for respiratorymoni-
toring. Zhang et al. [16], [17] proposed a wearable respiratory
monitoring device based on RIP for respiratory biofeedback
training. However, the method to produce the band of this
device was complicated and difficult to embed in wearable.

In this paper, we develop a monitoring platform embedded
with various types of sensors based on flexible materials to
acquire ECG, respiratory andmotion signals of neonates. The
platform is designed to make the clinical detection environ-
ment more comfortable and meet the requirements of clinical
signal quality. The innovation elements mainly encompass
multi-sensor platform design, new flexible material espe-
cially for respiration monitoring, the comprehensive verifica-
tion methods and result analysis of the material, sensors and
systems.

In this platform, firstly, a novel stretching sensor based
on PDMS-Graphene compound is developed to detect new-
borns’ respiration signal. New material properties and mon-
itoring methods enables the accurate and comfortable mon-
itoring process. Secondly, a convenient electrode structure
is proposed in the textile-based dry electrodes which are
promising to replace the adhesive electrodes to collect ECG
signals in a comfortable way to circumvent possible skin
damage. Thirdly, motion signals can be used not only to
track movements and optimize the quality of other sig-
nals [18]–[20], but also to be served as an important indicator
to monitor symptoms such as neonatal seizure [21]–[23].
Thus, we integrated the IMUs into the system for monitoring
motion signals.

Furthermore, systematic verificationmethods are proposed
in this work to test the properties of the new materials and
sensors as electrodes, as well as to test the signal quality
obtained by the new sensor systems. Firstly, for the ECG sig-
nal, the electrical properties of different types of textile elec-
trodes are shown based on the same novel structure aiming
to achieve the best performance for ECG acquisition. Addi-
tionally, statistical analysis and system performance on ECG
measurements are conducted under both static and motion
conditions. Secondly, for the motion signal, we compared
the data gathered by the system with a commercial motion
capture system. Thirdly, to prove the feasibility of the new
stretching sensor for the respiration monitoring, we presented
the basic electrical properties of the new respiration sensor.
The results of stability tests and the accuracy of respiration
monitoring are reported. Finally, we conducted clinical tests
to verify the performance of the proposed monitoring system
on 15 neonates from Children’s hospital affiliated to Fudan
University, Shanghai, China. Given the feasibility that has
been confirmed by the pilot study on data collection, trans-
mission andmanagement, the proposed unobtrusive wearable
platform is promising to enable the application in both hospi-
tal and home-based scenarios.
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FIGURE 1. System architecture.

The rest of the paper is organized as follows: Section II
explains the proposed system, including design concepts,
prototype implementation and sensors embedded in the sys-
tem. After that, Section III describes a systematic verification
framework for the proposed system. Based on the framework,
we will verify ECG, motion and respiration signal by three
different kinds of sensors in Section IV, V andVI accordingly.
Section VII concludes and discusses the paper.

II. SYSTEM DESIGN
In this section, we illustrate the design concept of an
integrated multi-sensor platform and present the prototype,
including the hardware, software and the design of novel
flexible sensors.

A. DESIGN CONCEPT
The design concept is illustrated in Fig. 1. In the proposed
system architecture, a smart vest is proposed with flexible-
material based sensors to acquire ECG, motion and respi-
ration signals for newborn infant monitoring non-invasively.
The selection of flexible materials for sensors, the fabric of
the vest, and the structure of the smart vest have been taken
into considerations to achieve high signal quality and better
user experience for newborn infants. The data generated by
hardware system in smart vest is transmitted to local terminal
for real-time monitoring with application. Data will also be
uploaded to a cloud platform simultaneously by local ter-
minals. Another control terminal connected with the cloud
platform will help doctors to analyze the health status of
newborns and provide timely treatments and assistance.

B. PROTOTYPE
In this subsection, the prototype is presented including the
platform frame structure, software and the development of
new sensors based on the flexible materials.

1) PLATFORM DESIGN
Based on the design conception, a smart vest prototype sys-
tem integrated with the sensors for ECG, respiration and

FIGURE 2. Prototype vest.

motion monitoring has been developed as shown in Fig. 2.
The proposed vest is made of soft cotton material.
PDMS-Graphene compound based sensor, textile electrodes
and two IMUs are incorporated into this vest. The data acqui-
sition and processing module of the system is composed of
textile electrodes, analog front-end, IMUs, a novel stretching
sensor, a microcontroller unit (MCU) and Bluetooth module.
This part is mainly achieving the collection, processing, and
analysis of bio-signal and motion signal acquisition. The
textile electrodes are fixed through an elastic band inside the
vest to ensure good contact between electrodes and the skin.
The PDMS-Graphene compound based sensor is embedded
into a belt inside the vest. IMU sensors are incorporated into
the wrist parts of the vest. Then the wireless transmission
module sends the data to the terminal, such as mobile and
personal computer (PC).

The prototype vest is made of soft solid color cotton fab-
ric. Compared with cotton fabric, materials such as wool,
chemical fiber, and nylon may rub babies’ skin and generate
static electricity, and they could stimulate the skin and reduce
human skin’s moisture, thus leading to itching. In addition,
some artificial fibers are in poor permeability. Therefore,
sweat is difficult to be volatilized. So, pure cotton fabric
material is a good choice for babies, which suits their skin
well for its softness, smoothness and flexibility. The outfits
are designed to appear as regular baby clothing aesthetically.
The structure of vest is open at the back of body. This struc-
ture is easy to wear and remove. For the sensor’s stability,
the Velcro at the bottom of the sleeves and chest is used to fix
the sensors’ position. Its shape is a combination of a vest and
diaper which is designed because it is simple to fix the whole
clothes comparing to non-diaper vests.

2) SIGNAL PROCESSING AND TRANSMISSION
The block diagram of the wireless monitoring system is
shown in Fig 3. Graphene compound. One side of the
PDMS-G compound tensile sensor is connected to the voltage
supply of the circuit and the other side is connected to a 12-bit
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FIGURE 3. Block diagram of the wireless neonatal monitoring system.

analog-to-digital converter (ADC) on the microcontroller
unit (MCU) MSP430 (Texas Instruments), with the offset
resistor to the ground in the circuit. The output voltage varies
according to the resistance of the PDMS-G compound sensor.
ECG signals and motion signals were collected by textile
electrodes and IMU separately. All the above signal acquisi-
tion modules were controlled and managed by the MCU at
the sample rate of 500Hz. The timer interruption is called
every two microseconds to acquire the signals through a
serial peripheral interface (SPI) sequentially. A finite impulse
response (FIR) filter is used to control the bandwidth of
the data transmission. The filtered signals were sent to the
universal asynchronous receiver/transmitter (UART) ports of
wireless transmission module (CC2564, Texas Instruments)
through direct memory access (DMA) of MSP430. Also,
a timestamp is added to the data packet every one second
to synchronize the time with that of the medical instruments
used in hospitals. The processing procedures can be for-
mulized as a finite state machine (FSM). The data rate in the
communication process between the Bluetooth and terminal
is 92,000 bits per second.

The overall system is powered by a 3.7V Li-battery, and
a charging circuit is designed on the board. The hardware
system is designed for low power consumption. From the
experiment result, the system can continuously monitor the
infant for 8 hours by a 600 mAh battery.

C. SENSOR DESIGN
In this section, we focus on the flexible sensor design and
motion sensor integration.

1) PDMS-GRAPHENE COMPOUND FOR
RESPIRATION MEASUREMENTS
There exist a variety of methods to detect respiration, mainly
covering Acoustic Based Methods, Airflow Based Methods,
Chest and Abdominal Movement Detection, Transcutaneous
CO2Monitoring, Electrocardiogram (ECG)DerivedRespira-
tion Rate and so on [24]. Among them, mercury strain gauges

FIGURE 4. Resistance change while PDMS-Graphene compound is
stretching. The original state of material (right). The stretched state of
material (left).

or impedance methods can be deployed to measure chest
and abdominal wall movements [25]. Respiration inductance
plethysmography is a non-invasive technique that measures
respiration rate through two bands, a thoracic strap placed
around the thoracic cage and an abdominal belt placed on
the abdomen at the level of the umbilicus. Both were made
of extensible/deformable conductive material, extremely fine
wire or thin foil that is able to maintain its conductivity during
stretching process. The principle of the strain gauge sensor
roots in the direct proportion of the resistance and area of
the conductor in respiration [22]. In this work, we develop an
advanced PDMS-Graphene compound material based sensor
and embed the new sensor into clothing to detect newborns’
respiration signal.

Since the manufacture process, and composition or ratio
of compound affect the resistance, tensile range and sensi-
tivity, in order to obtain materials with large tensile range
and high sensitivity, many experiments were conducted for
the sensor development. The manufacture process and the
ratio of PDMS-Graphene compound in this paper are based
on the empirical results. The steps of the fabrication pro-
cedure is presented as follows. PDMS, Graphene sheets
and xylene were the main raw materials of the PDMS-
Graphene compound. 8 g PDMS prepolymer (Sylgard 184,
Dow Corning Company, Ltd.), 0.8 g curing agent (Sylgard
184, Dow Corning Company, Ltd.), 1.2 g graphene sheets
(Sixth Element (Changzhou) Materials Technology Com-
pany, Ltd) were added into a beaker with 60 mL Xylene.
Xylene is used to dissolve PMDS prepolymer, which is used
as solvent to disperse graphene into PDMS. Then the mixture
is bath sonicated for 40 minutes and then stirred for another
3 hours to extensively disperse the graphene sheets. After
that, we poured the mixture into a glass plate to evaporate
the xylene under ambient conditions and it was ensured that
the xylene is completely evaporated. In the end, it was cured
at 65 ◦C in an oven for 3 hours to obtain the final product.
Fig. 4 shows the tensile state and the original state

of the new tensile sensor (PDMS-Graphene compound)
respectively and demonstrates the feasibility of changing
the conductivity of the sensor with the use of a new tool.
To better get access to the changes of the abdomen during
newborns’ respiration, the sensor is designed to be put on
the elastic band on the abdomen. Therefore, the length of
the elastic band changes with the chest in the process of
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FIGURE 5. AgCl-adhesive ECG electrode (left 1) Textile A (left 2), Textile B
(right 2), Textile C (right 1).

FIGURE 6. Construction of textile electrodes.

newborns’ respiration, which helps to extract respiration sig-
nals through these changes.

2) FLEXIBLE TEXTILE BASED ELECTRODES
FOR ECG MEASUREMENTS
Conductive E-textile material is chosen to obtain ECG
signal based on the above mentioned requirements [11].
We developed three types of electrodes with different
E-textile materials. Fig. 5 displays proposed three ECG
electrodes with different versions. Three different E- textile
materials were tested. The model of three textile electrodes
are from Balingen, Technik-tex P130 + B and Berlin RS
of Shieldex Company and are named as textile A, tex-
tile B and textile C. These materials are flexible, non-
irritating, lightweight (Balingen :0.062 kg/m2; Technik-tex
P130 + B: 0.135 kg/m2; Berlin RS:0.055 kg/m2), thin
(Balingen:0.26mm; Technik-tex P130 + B: 0.45mm; Berlin
RS:0.11mm), low resistance (Balingen < 0.6ohms/sq;
Technik-tex P130 + B < 2 ohms/sq; Berlin RS <

0.5ohms/sq) and convenient to be integrated into the side of
the clothing. The values of the parameters of the above textile
electrodes were taken from the datasheet [26].

The textile electrode is designed to be disposable, because
electrodes will be affected by stains and sweats after use.
We put forward a new flexible electrode structure in the
proposed system. To ensure the stability of the electrode
connection, the connection structure of the flexible electrode
is proposed so that the electrode can be replaced, as show
in Fig. 6.

The electrode consists of three parts, metal lead button,
E-textile and Regular Cotton. E-textile is connected to the
metal lead button. Regular Cotton is sandwiched between
the E-textile (up) and the E-textile (up), the periphery of
E-textiles up and down is stitched by sewing. Motion arti-
fact is one major challenge that textile electrodes face. The
proposed sandwich little cushion style of design improve the
contact during a relative movement between the electrode and

the skin which is perpendicular to the skin, which helps to
improve the signal quality during motion.

3) IMU SENSORS FOR MOVEMENT MONITORING
Recently, inertial sensors has been widely used in ambulatory
motion analysis [27]. To obtain accurate motion measure-
ments, IMUs, integrating the accelerometers, gyroscopes, and
magnetometers are often used.

Thus, in the proposed system, we collected movement
signals from two IMUs (Invensense, MPU9250) infant’s right
wrist and left wrist separately. The placement of IMUmodule
is shown in Fig. 2. The motion signals are transferred toMCU
via SPI using Flexible Printed Circuit (FPC) cables.

III. SYSTEM VERIFICATION FRAMEWORK
In this paper, we propose a systematic verification method
for wearable hardware system with new materials involved.
Fig. 7 shows the framework of evaluation to verify the feasi-
bility of the system by evaluating three kinds of acquisition
methods respectively. The targets andmethods were designed
to objectively verify signal quality from a fundamental aspect
to an actual use scenario. For the ECG signal acquired by
textile electrodes, we first evaluate the electrical properties
of designed electrodes by investigating the skin-to-electrode
impedance to promise the signal quality at very beginning.
Then statistical indexes as show in table were chosen to
assess the signal quality in a standard equipment environ-
ment. After the evaluation process of the textile electrodes,
they were implemented into the new hardware system, and
ECG signals were collected accordingly. Three classical ECG
signal quality assessment methods were applied to evaluate
ECG signal acquired by proposed system and finally we
compare the ECG waveform with the clinical gold standard.
Similarly, for the novel stretching sensor based on PDMS-
Graphene compound, a feasibility experiment was designed
at first. After that, the sensor was embedded in the system for
the comparison with a clinical equipment. Moreover, since
we use a commercial chip for the motion signal acquisition,
the sensor verification method was omitted at this stage and
we just compared the signal acquired by the system with
commercial Shimmer device.

IV. VERIFICATION OF FLEXIBLE TEXTILE
BASED ECG ELECTRODES
A. FLEXIBLE TEXTILE PROPERTIES
1) METHOD
To assess the electrode properties, we set up two experiments.
One was to test the skin-to-electrode impedance. The other
was the signal quality of the test electrode in the standard
equipment environment.

a: SKIN-TO-ELECTRODE IMPEDANCE
The impedance introduced by the skin-to-electrode interface
of standard Ag/AgCl electrode and textile electrode were
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FIGURE 7. Framework for the evaluation.

measured on a person’s forearm by an electrochemical work-
station (ZAHNER - Zennium).

The two-electrode system was used. Ag/AgCl electrode
was deployed as a reference electrode. The work electrodes
were chosen from each textile electrode and Ag/AgCl elec-
trode (Covidien, H124SG). The distance between the work-
ing electrode and the reference electrode was approximately
9 cm [28]. We fixed the textile electrode with a strap. The
frequency of input signal sweeps from 0.1 Hz to 100 kHz.
An impedance-frequency curve was drawn for each kind of
electrode.
Textile Electrodes Signal Quality Assessment:
We compared the ECG signals acquired by the proposed

electrodes and Ag/AgCl electrode (Covidien H135SG) using
standard acquisition system.

We collected three sets of data. Each set of data was
collected from two different kinds of electrode simultane-
ously in a static state by shimmer 3 [29], respectively. The
study involved a 24-year-old male volunteer. Different elec-
trodes were attached to the adjacent positions on the left
and right sides of the subject’s chest. The combination of
different electrodes was group a: textile A electrode and
Ag/AgCl electrode; group b: textile B electrode and Ag/AgCl
electrode; group c: textile C electrode and Ag/AgCl elec-
trode. We used shimmer-3 as a standard acquisition device.
The acquisition time for each set of data was one and a
half hours.

Three statistical analysis methods were conducted to eval-
uate the signal quality acquired by the novel electrode. Heart
rate per minute was extracted by R wave detection algorithm
implemented on MATLAB R2018a based on classic QRS
detection algorithm proposed by Lee et al. [30]. A bandpass
filter with passband of 5-15Hzwas used to preprocess the data
and the hamming windowwas applied for the function ‘‘fir1’’
in MATLAB. Then a dynamic threshold was determined
every five seconds with 2500 values gathered from the system
for the ‘‘findpeaks’’ function with the ’MinPeakDistance’
index of 150 points which is 0.3 second in the time domain.
Correlation Analysis:
We extracted the average heart rate value per minute and

compared the heart rate signals from two different electrodes
in each group. Correlation analysis was calculated between
heart rate information in each group.
Bland-Altman Analysis:
Similarly, a ‘‘Bland-Altman analysis’’ was performed on

the average heart rate of each group.
The standard Ag/AgCl electrode was used as the compar-

ison detection system M1, and the textile electrode was the
system M2 to be evaluated. The Bland-Altman analysis was
performed to show the difference between heart rate detected
by the two systems.
Paired Sample T-Test:
In order to analyze the differences between the signals

acquired by textile electrode and standard electrode, a list of
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TABLE 1. Selected frequency domain measures of HRV.

FIGURE 8. Skin-electrode impedance of different electrodes.

physiological parameters shown in Table 1 were compared.
These parameters were widely used to characterize the heart
rate variability which reflects more fine-grained information
about the dynamics of heart activity [31]. Five minutes of
continuous ECG were taken as a segment of data, and the
data collected for each type of electrode can be divided into
18 segments. Paired T-test was adopted to support our claim
that no differences in substance exist between those param-
eters retrieved from signals acquired by these three kinds of
electrode.

2) RESULTS
a: SKIN-TO-ELECTRODE IMPEDANCE
Fig.8 gives the Z-f curves which characterize the skin-to-
electrode interface of the proposed textile-based electrode
and Ag/AgCl electrode (Covidien, H124SG) respectively.
The frequency ranges from 0.1 Hz to 100 kHz. Test results
demonstrate that the impedance introduced by skin-to-
electrode interface also decreases as the frequency of stimulus
signal increases. In the frequency range of most bio-potential
signals, the impedance corresponding to textile C-based elec-
trode was the smallest (∼500 kOhm in near dc range) while

FIGURE 9. Results of Correlation analysis. a. Group A; b. Group B; c.
Group C.

the impedance corresponding to textile A-based was the
largest (∼725 kOhm in near dc range). The impedance corre-
sponding toAg/AgCl electrodewas slightly larger than that of
textile C-based electrode, about 575 kOhm in near dc range.
The significances of all data points were all larger than 0.95.

b: TEXTILE ELECTRODES SIGNAL QUALITY ASSESSMENT
¬ Correlation analysis results
We extracted heart rates and did a correlation analysis and

Bland-Altman analysis. Fig. 9 shows the results of the corre-
lation analysis of the three sets of data. Correlation analysis
results showed that the R2 values of the three A, B, C groups
were all within the range of 0-1, and the R-value of the C elec-
trode was the largest, 0.92. Therefore, the signals collected by
the three textile electrodes were positively correlated with the
signals acquired by the standard electrodes.

 Bland-Altman analysis results
Fig. 10 shows the results of Bland-Altman analysis. It can

be seen in Fig. 10-a that the 95% consistency limit was (2.3,
−2.1); the 3% point was beyond the 95% consensus limit;
the M1 and M2 systems the absolute value of the difference
between the measured values is Y at the maximum; the
average of both systemswas 0.40. As can be seen in Fig. 10-b,
the 95% consistency limit was (3.1, −2.3); the 2% point
was 95% beyond the consensus limit; the absolute value of
the difference between the M1 and M2 system detection
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FIGURE 10. Results of Bland-Altman analysis.

TABLE 2. T-test results of Group A, B, C.

values was Y; The average system result was 0.41. It can be
seen in Fig. 10-c that the 95% consistency limit was (1.6,
−1.3); the 2% point was 95% beyond the consensus limit;
the absolute value of the difference between the M1 and M2
system detection values was Y; The average of the system
results was 0.10. It can be seen from the results that the three
groups of textile electrodes have a good agreement with the
standard Ag/AgCl electrodes, and the average value of the
results in group C was closest to zero.

® Paired sample T-test results
The results are shown in the Table 2. The results show

that the significance values of each indicator of three kinds
of electrodes are all greater than 0.05.

Therefore, there are no differences between the indicators
of the ECG signals collected by the three textile electrodes
and the standard electrodes.

B. ECG SIGNAL COLLECTED BY PROPOSED SYSTEM
1) METHOD
a: COMPARISON METHOD OF THREE TYPES OF
ELECTRODES BASED ON PROPOSED SYSTEM
After the experiment of electrode’s electrical properties,
the electrodes were evaluated to acquire ECG signal.

For performance evaluation of the textile electrode using pro-
posed system, ECG signals weremeasured in different human
body motion states in a 24-year-old male volunteer. Two
electrodes were fixed on the left and right sides of the ribcage
of each test subject. To ensure similar test conditions for com-
parison, these electrodes were positioned in the same loca-
tions for every measurement. The sitting-state ECG signals
were measured first, and then the motion artifacts that result
from walking and upper body turning of the subject’s arms
were investigated Test time of each group was 2 minutes.

We use following three indicators as the evaluation of
signal quality factors which are the critical facts in the further
research. These indicators are shown below:
R-Wave Identification Match Degree:
Using the same heart rate detection method aforemen-

tioned, we define the R-wave matching degree M(ω) as

M (ω) =
N (ω)
NA(ω)

(1)

whereby N (ω) is the number of R waves matched by the
algorithm, and NA (ω) is the number of R waves manually
counted by experts.

We chose this specific preprocessing and R wave detection
method to minimize the effect of the algorithm thus to verify
the amplitude of ECG signals acquired by different types of
electrodes under same movement.
ECG Signal Power Spectrum Ratio:
According to Donald et al. and others [32], [33], QRS

complex mainly concentrates in the 2∼20Hz, powerline is in
50 or 60Hz, the baseline drift is in 0.15∼0.3Hz [34]. Themain
energy of QRS wave concentrates at 12Hz [35], and ECG
signal is subject to motion artifacts and EMG interference
between 3∼30Hz [30]. So in this paper, the ratio of ECG
signal power density between 5∼15Hz and 3∼30Hz is cal-
culated to estimate the state of motion ECG signal quality.

S(ω) =

∫ 15
5 P(ω)dω∫ 30
3 P(ω)dω

(2)

P (f) denotes the power spectrum of ECG signal.
Signal Kurtosis Value:
ECG signals are collected as discrete signals. According

to the central limit theorem, the kurtosis of the discrete signal
reflects the Gaussian of the signal.

K =
1
M

∑M

i=1

[
xi − µx
σ

]4
(3)

µx denotes the mean of the signal xi, σ denotes the standard
deviation of the signal, and M is the number of sampling
points of the measured data segment.

The corresponding level of the ECG signal quality evalua-
tion is presented in table 3.

b: COMPARISON METHOD OF THE PROPOSED SYSTEM
WITH STANDARD MEDICAL EQUIPMENT
After obtained experiment results about the flexible elec-
trodes proposed, we used PSG (Polysomnography) as

VOLUME 8, 2020 23739



H. Chen et al.: Design of an Integrated Wearable Multi-Sensor Platform Based on Flexible Materials

TABLE 3. Signal quality factors.

FIGURE 11. R-wave Recognition under sitting state.

TABLE 4. R-wave Recognition under sitting state.

gold standard to compare the waveform in this experi-
ment. According to the preliminary experimental results,
we selected textile Cmaterials to compare the ECGwaveform
with PSG and compared the ECG signals acquired by our
system with textile C electrodes and PSG with AgCl elec-
trodes. Altogether six electrodes were fixed on the volunteer
simultaneously with an experiment time of five minutes.

2) RESULTS
a: COMPARISON RESULT OF THREE TYPES OF ELECTRODES
BASED ON PROPOSED SYSTEM
To analyze the electrode performance under motion artifacts,
the measurements were performed in sitting state, upper body
turning state and walking state.
Sitting State Results:
QRS wave group and T wave can be detected obviously

under the sitting state. The results of R-waves detection are
presented in Fig. 11 and Table 4. R-wave recognition rate was
generally high, and there was a small difference among three
kinds of textile electrodes. Power spectrum ratio and signal
kurtosis values of 1000 points selected during the test time of
two minutes were listed in Table 5 and 6. The S and K values
of the three textile electrodes and the Ag/AgCl electrodes

TABLE 5. Power spectrum of ECG under sitting state.

TABLE 6. Signal quality under sitting state.

TABLE 7. R-wave Recognition under turning stat.

FIGURE 12. R-wave Recognition under sitting state.

TABLE 8. Power spectrum of ECG under turning state.

were all in good level. The S and K values of textile C
electrode were better than those of Ag/AgCl electrode.
Upper Body Turning State Results:
Detection data of QRS wave and T wave were displayed

in Table 7 and Fig. 12. Power spectrum ratio and signal kurto-
sis values during the sitting state were listed in Table 8 and 9.

Compared with sitting state, ECG signal was more prone
to drift in upper body turning state. According to the signal
quality factors in Table 3, the results showed that the values
of K, S and M of the AgCl electrode and the textile elec-
trode C were all at a good level. The K values of the textile
electrodes A and B are at the normal level.
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TABLE 9. Signal quality under turning state.

FIGURE 13. R-wave Recognition under walking state.

TABLE 10. R-wave Recognition under walking state.

TABLE 11. Power spectrum of ECG under walking state.

TABLE 12. Signal quality under walking state.

Walking State Results:
Table 10 and Fig. 13 show the ECG waveforms col-

lected from different electrodes under the walking state.
Power spectrum ratio and signal kurtosis values are listed in
Table 11 and 12. Like the upper body turning state, the ECG
signal was prone to drift in the walking state. In the state of
walking, the M value of textile electrode C was the largest.
The K and S values of the three textile electrodes were not
as good as those of the AgCl electrodes. However, the K
and M value of textile electrode B and C reached a good
level.

Three indexes of R-wave recognition, power spec-
trum ratio, and signal kurtosis value were used to make
a comprehensive evaluation of electrodes under each
state. According to these indexes, the performance of
AgCl-adhesivewas the best, and textile electrode Cwas better
than A and B.

FIGURE 14. ECG signal collected by proposed system and PSG.

FIGURE 15. Motion signal experimental setup (A) Motion signal
waveforms (B) Results of Correlation analysis (C).

b: COMPARISON RESULTS OF THE PROPOSED SYSTEM
WITH STANDARD MEDICAL EQUIPMENT
ECG waveforms acquired by the proposed system and PSG
under static state were given in Fig. 14. We can see that the
smart vest can acquire ECG signals of comparable signal
quality with respect to PSG.

V. IMU SENSOR VERIFICATION
A. METHOD FOR MOTION SIGNAL
COLLECTED BY PROPOSED SYSTEM
Experiments on adults were carried out to validate the motion
analysis part of our system. The prototype and Shimmer
3 were attached to the left wrist as was shown in Fig. 15-A.

A standard protocol was followed, where different types of
movements, including boxing, arm swing, arm tremble etc.

B. RESULTS
Fig. 15-B shows the comparison of the mean square values of
3-axis accelerations, which demonstrates that the IMU data
measured by the prototype has the comparable data quality
of the commercial shimmer device. Fig. 15-C shows the
correlation analysis for the readings obtained from the PPS.
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FIGURE 16. Relative change in resistance of PDMS-graphene compound
versus strain within strain range of 0-50%.

The vertical axis represents the reference reading given by
Shimmer 3, and the horizontal axis represents the values pro-
vided by the PPS for the corresponding time segments. The
PPS was found to have a Pearson correlation(r) of 0.951 with
the reference values.

VI. RESPIRATION SIGNAL VERIFICATION
A. PDMS-GRAPHENE COMPOUND PROPERTIES
1) METHOD
The method of obtaining the abdominal respiration signal
by stretching the sensor mainly involves resistance change
caused by the stretching of this material. Therefore, we tested
the sensitivity and cycle stability of PDMS-Graphene com-
pound. The initial resistance of this sample sensor is approx-
imately 85k� with the original length of about 35cm and
after stretching it to 42cm length, the resistance of it will rise
to 320k� correspondingly. In order to test the properties of
materials, we set up the following two experiments.

a: SENSITIVITY TEST OF TENSION SENSOR
In this experiment, multi-meter (FLUKE) was used to mea-
sure the change of the resistance of the sensor under different
lengths. We fix the ends of the material and change the length
of the sensor by stretching it. Our test deformation range was
0-70%.

b: THE LOOP STABILITY PERFORMANCE
OF THE TENSION SENSOR
We tested the loop performance of the sensor by using a
stepping motor to control the movement on a screw rod. The
stretch length was stable with the frequency of 20 cycles
per minutes which was similar with the normal respiration
frequency. A resistance-voltage circuit and ADC on Arduino
was used to gather the digital signal and the data was trans-
mitted through UART and stored on the local terminal. The
duration of the loop stability test was 3 hours.

2) RESULTS
Fig. 16 shows the relative change in resistance for various
elongation values. We found no linear behavior of the sensor,

FIGURE 17. Results of the three hours’ stability test (A) overall resistance
variation in 3 hours (B) detailed waveform in the last 1 minute of the
whole test.

but we could identify three different areas of the sensitivity.
In the first area, elongation of the sensor was from 8 cm to
10.4cm, the sensitivity was 4.57 cm−1.In the second area,
elongation the sensor from 10.4 cm to 11.6 range, the sensi-
tivity was 61.15 cm−1, and the third area showed a further
increase of the sensitivity to 152.68 cm−1 when the sensor
was fully stretched to 12 cm.

We noticed that within 30% strain, the graphene-based
coated fiber sensors with varying strain presented highly
coincident ‘‘(1R/R0)/1L’’ strain value. In the strain of 30%
to 50% range, ‘‘(1R/R0)/ 1L’’ strain value gradually rises.
This range was actually the range of changes that need to be
achieved when the elastic band was connected to the body.

For stability testing, Fig. 17-A shows the 3-hour stability
test results, and Fig. 17-B shows a portion of the results for
the last 1 minute. From these diagrams, we can conclude that
the baseline of the whole test period declined gently, but the
results of cyclic test were relatively stable after 3,600 cycles
of 3 consecutive hours. The slow decline in baseline does not
affect the measurement of respiratory signals compared to the
range of variation created bymeasurement of respiration. The
detailed waveform of the last 1 minutes signal shows good
signal quality. Detecting changes in abdominal circumference
was an important feature that can be monitored over a long
period of time.

B. RESPIRATION SIGNAL COLLECTED
BY PROPOSED SYSTEM
1) METHOD
To assess the basic monitoring performance of proposed sys-
tem (PPS), we compared our system with the RIP module as
part of the PSG apparatus, when both systems were installed
on the subject for simultaneous recording of respiration. The
respiratory band used in PSGwas based on inductance change
formed by the coil inside the band. As shown in Fig. 18, PSG
respiratory detection band was attached to the abdomen, and
PDMS-graphene tensile sensor was attached lower than PSG
band. PSG has a respiration sampling frequency of 32Hz.

First of all, we compare the respiration signals acquired by
the PPS and PSG to perform a visual comparison. We com-
pare the similarity of the original waveform output of the PPS
and the PSG.
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FIGURE 18. Respiratory signal experimental setup.

The second outcome measure for the study was mean
difference in average RR between propose system and PSG.
Each RR point was output for a 30 second interval. The
secondary outcome was the correlation analysis between the
respiratory rates measured for PPS and PSG.

The difference in average RR between monitoring tech-
niques over this 30 second interval was summarized using
the mean, standard deviation, median and range. The effec-
tiveness of the PPS monitor versus PSG-derived RR was
determined by 95 % confidence intervals for the mean dif-
ference in average RR between techniques. A difference of
three breaths per minute (bpm) was considered of minimum
clinical relevance. This was chosen from the early warning
system (EWS) which identifies a score difference of 3 bpm
to be meaningful by defining the respiration scores in steps
of no greater than 3 bpm.

The third analysis was to assess the direct relationship
or correlation between the measured respiratory rate for the
PPS device and each of the examined measuring techniques.
A Pearson’s Bland-Altman analysis was performed.

The PPS would be considered effective in detecting
changes in RR comparable to PSG if a correlation coefficient
(r) greater than 0.8 was achieved. The expected correlation
with PSG-derived RR was set at 0.8 because the continuous
nature of both the PPS and PSG-derived monitoring could
be expected to result in a higher correlation. Bland-Altman
analysis was used to present the results graphically.

2) RESULT
The experiment was carried out on a 30-year-old male vol-
unteer for 4 hours. The subjects sat in a chair without stren-
uous exercise, during the trial. Firstly, we compare the signal
quality in time domain, as show in Fig. 19. From Fig. 19,
we see that the signals obtained using the PPS show the
similar beat structure of the same frequency with those of
the PSG. Though the attaching positions of the PPS and the
PSG were a little different from each other in the abdomen
region, the overall similarity of the data obtained during the
inspiratory intervals can be noted implying the accuracy of
the PPS in measuring the breathing rate.

Secondly, of the total 160 recorded data points, each RR
point was spaced one minute apart to ensure variable inde-
pendence in Bland–Altman analysis. 154 time points were
available for analysis. The remaining 6 time points were lost

FIGURE 19. Signals measured by PPS and PSG.

TABLE 13. Comparison of average respiratory rate in breaths per minute
between PPS and PSG.

FIGURE 20. Bland-Altman plot showing PPS versus PSG. Direction of
difference was (PPS-PSG).

due to the PSG wire falling off when the subject left the
chair to rest. Comparisons of the PPS with PSG-derived RR
were presented in Table 13. Fig. 20 summarizes the data
from the utilized 154 epochs for PSG versus PPS in the
form of a Bland–Altman plot. The direction of difference is:
(PPS–PSG). The red dashed line represents the bias of the
differences. Red solid lines represent the 95 % confidence
limits for the differences. The mean difference for average
RR between PPS and PSGwas less than 1 bpm, mean (SD) =
−0.15 (0.86). The 95 % confidence interval (CI) for the
difference in average RR was calculated to be [−1.84, 1.55],
which does not exclude the clinically relevant difference
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FIGURE 21. Results of Correlation analysis.

of 3 bpm. However, the difference was greater than 3 bpm in
the case of just two intervals (1.3 % of intervals).

Finally, Fig.21 shows the results of the correlation analysis
of the data from the utilized 154 epochs for PSG versus PPS.
The Pearson Correlation (r) of 0.977 demonstrates a very
strong relationship between PPS and PSG in monitoring RR.

VII. CLINICAL TEST IN NEONATAL
A. METHOD
After the performance tests on adults, permission was
obtained from the Children’s Hospital affiliated to FudanUni-
versity Research Ethics Committee (approval No. (2017) 89)
to recruit infant patients for multi signal monitoring. Inclu-
sion criteria were: age under 60 days, in stable health con-
ditions, about to discharge from neonatal intensive care unit
(NICU). Exclusion criteria were: patients with diagnosed
respiratory disorders history and allergy tomedical grade skin
adhesive or latex.

15 patients who did not violate our exclusion criteria
were enrolled in the experiments. The mean age of the
subjects was 36 days (median 33, standard deviation 12.5,
range 18-59). Seven male and eight female subjects were
recruited. The average data collection time per subject was
10 min. No adverse respiratory events and skin allergy
occurred during the test. The subjects lie in an incubator and
keeps awake during the trial.

We compared our systemwith the PSG, when both systems
were attached on the subject for simultaneous recording of
ECG and respiration, as show in Fig22. Data analysis meth-
ods including visual comparison, and accuracy analysis.

B. RESULT
First we compared the ECG and respiration signal quality
in time domain. ECG waveforms acquired by PSG and PPS
were given in Fig. 23. The figure shows that the proposed
electrode can acquire ECG signals of comparable signal qual-
ity and amplitude (thus, also average power) with respect
to PSG. The respiration signal quality in time domain was

FIGURE 22. Signals measured by new system and PSG.

FIGURE 23. Clinical ECG data measured by PPS and PSG.

FIGURE 24. Clinical respiration data measured by PPS and PSG.

compared also, as shown in Figure 24. As shown in Figure24,
the signal with the same beat frequency structure can be
obtained by using PPS and PSG. Although PPS and PSG
have slightly different attachment locations in the abdominal
region, the overall similarity of the data obtained during the
inspiratory interval can be noted.

The second outcome measurement for the study was cor-
relation in average heart rate (HR) and average respiratory
rate (RR) between the proposed system and PSG. A total
of 150 HR data point and 150 RR data point, Each HR and
RR point was output for a 60 second interval. Fig. 25 shows
the correlation analysis for the HR obtained from the clinical
study. Vertical axis represents the reference reading given by
the PSG and the horizontal axis represents the results given
by the PPS for the corresponding time segments. The value of
Pearson correlation(r) between PSG and PPG in HRmonitor-
ing was 0.967. Fig. 26 shows the correlation analysis for the
RR obtained from the clinical study. Vertical axis represents
the reference reading given by the PSG and the horizontal axis
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FIGURE 25. Correlation regression analysis for the results obtained from
the heart rate clinical data collection exercise.

FIGURE 26. Correlation regression analysis for the results obtained from
the respiration rate clinical data collection exercise.

represents the results given by the PPS for the corresponding
time segments. The value of Pearson correlation(r) between
PSG and PPG in RR monitoring was 0.969. The r value of
HR and RR demonstrate a very strong relationship between
PPS and PSG in monitoring HR and RR.

VIII. CONCLUSION AND FUTURE WORK
In this paper, we propose a smart vest as a unified sensing
platform embedded with flexible material based non-invasive
sensors for neonatal monitoring. We carried out system-
atic verification about the platform which includes electri-
cal properties of the new sensing materials, signal quality
evaluation and comparison with gold standard to verify the
feasibility of the system. Verification experiments prove that

quality ECG signals can be obtained through the proposed
flexible electrode materials with comparable performance to
the commercial AgCl adhesive electrodes and accurate res-
piration data can be obtained through new PDMS-Graphene
compound based stretching sensor. The proposed platform
is promising to provide comfort experience during neonatal
monitoring.

For future work, we will further improve the structure and
electronic properties of the innovative materials to enhance
the stability of the measured signal, especially during motion.
Furthermore, we will conduct more clinical trials to verify
the performance of the wearable platform. Data fusion tech-
niques and optimization algorithms will be explored with the
help of clinical data.

The system is ambitious to serve as an effective auxiliary
monitoring and diagnostic method to the benefit of existing
condition for clinical decision support. Given the characteris-
tics mentioned above, it is also potential in fields like general
movement assessment (GMA), early intervention and home
monitoring.
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