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Abstract—Sleep Disordered breathing is an increasingly
common condition among the general population. Conventional
sleep disordered breathing diagnosis depends on in-lab
polysomnography, while at-home sleep test devices are becoming
a more widespread. Both systems are cumbersome and typically
data is collected offline, typically limiting use to only a few nights
recording. We present the design, implementation and
preliminary results from a novel “IOT ready” sleep test device
named “VitalCore”. The device utilizes electroresistive polymer
sensors and accelerometer to measure respiratory, cardiac and
actigraphy information. The device uses Bluetooth 5 to stream and
transfer data and is capable of reliably acquiring high quality
sleep data. The device significantly improves the user experience
by completely concealing the hardware into a t-shirt while
providing five days of battery life, full speed Bluetooth 5 live data
streaming/ downloading with local storage capable of more than a
year worth of sleep data.
Keywords—Home Sleep Study, Electroresistive
Polysomnography, Sleep Disordered Breathing
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I.
INTRODUCTION
Sleep-disordered breathing (SDB) is an increasing common,
with at least half of people over the age of 65 experiencing
disturbed sleep [1], with a further 25% of children experiencing
SDB by adolescence [2]. Obstructive Sleep Apnea, Central
Sleep Apnea, Upper Airway Resistance and obesity
hyperventilation are the most common SDB observed [3] and
are characterised by interrupted breathing with different causes.
For example, the most common sleep disorder, Obstructive
Sleep Apnea, is caused by cessation of breathing due to
obstructed airways [3]. Central Sleep Apnea, which is more
common among heart failure patients, is caused by impaired
cardiovascular and breathing control systems [4]. Due to an
aging population as well as to an increase in the obesity among
the general population, the numbers of patients with SDB is
expected to rise significantly in the future. Consequently, sleep
disordered research and requirements for more convenient sleep
monitoring devices are predicted to expand rapidly [5].
The polysomnogram is considered the medical goldstandard means of assessing the quality of sleep [6]. It requires
the patient to spend multiple nights at a specialised sleep clinic.
While the quality of diagnosis is the best available, it comes at a
cost of limited sleep clinic access, high cost (~$800 – $2,000)
[7], and the time required to generate the diagnosis.
Furthermore, the polysomnogram is performed in an unfamiliar
environment and generally uncomfortable due to the number of
sensors applied. Most importantly, polysomnography evaluates

only a single night/few nights snapshot of conditions and is not
suitable for long-term sleep monitoring. These limitations have
led to the development of alternative diagnostic tests that can be
conducted inside a home with minimal supervision. These
systems generally included a wearable device with fewer
sensors. However, IOT platforms for widespread sleep
monitoring are not commonly used today. While these
technologies are developing rapidly, healthcare industry
adaptation is slow. Data quality, reliability and utility combined
with ease-of-use of the device are limiting factors for greater
uptake of these technologies.
In an attempt to address these issues, we present
“VitalCore”, a novel IOT ready, sleep monitoring device
utilising a new technique of cardiac and respiratory
measurement with polymer based electro resistive band (ERB)
sensors. Further, the device facilitates single lead ECG and
Accelerometer measurements. The microcontroller supports the
latest Bluetooth 5 wireless speed natively for data transfer and
real-time streaming to Bluetooth 4.2/5 smart device or a
dedicated Bluetooth 5 dongle.
The device was tested to determine if it is capable of
capturing both cardiac and respiratory activity over the course
of a night’s sleep. Additional proof-of-concept experiments are
performed to determine if the prototype device is capable of
accurately capturing respiration and cardiac activity.
II.

MATERIAL AND METHODS

The core requirement of the device is to monitor cardiac and
respiratory function. It further needs to be aware of body
position and activity such that artefacts resulting from
movement may be detected. Data needs to be captured, recorded
and transferred to an external PC/Mobile Phone and subsequent
Cloud for further analysis. Ultimately, the physiological signals
intended to be extracted from the raw data are 1. Breathing pattern
2. Respiration effort
3. Cardiac activity
4. Body movement
The following features are required to obtain this raw data
successfully.
 Wireless untethered operation.
 Easy to don, comfortable to wear for long periods and
easy to remove following use.
 Small size and rechargeable with the ability to operate
for at least 8 hours with a single charge.
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 An interface enabling a live stream of sensor data,
allowing the user to determine if the sensors are working
correctly before use.
 A storage medium within the device to store all data
captured from sensors to ensure data integrity.
 An interface to enable transfer of data to a secondary
device, e.g. phone, computer.

a

A. System Architecture and Design Decisions
A visualisation of the system architecture is shown in Fig. 1
based on the system requirements.

b

c

Fig. 3. (a) Electronic PCB and ERB sensor. (b) Manufactured PCB for
VitalCore main controller unit. The SD card, ADC, MCU and Antenna
are placed on the top side of the board. (c) Vitalcore prototype when
electronics are attached to the rear side of the fabric using interfacing
fabric.

Fig. 1. Abstract system architecture

To embed the electronics inside the t-shirt fabric, the
hardware must be as small and thin as possible. Component
selection is critical as a result. The components which must be
present in the t-shirt are shown in Fig. 2. Where possible,
components that provided multiple required features were
selected.

Fig. 2. Components inside the main controller.

ADS1247 is a 24bit ADC designed for use in temperature and
pressure gauges [7]. It features a variable dual constant current
supply, programmable gain amplifier and four channel data
sampling up to 2000 samples/s. Since the ERB working
principle is similar to piezoresistive pressure gauges, we could
repurpose the ADC to use with ERBs. The Texas Instruments
CC2640R2F microcontroller (MCU) is selected as the
processing unit. CC2640R2F is designed for Bluetooth 4.2 and
5 low energy application and comes with internal co-processor
to handle Bluetooth communication [8]. The 32bit 48Mhz MCU
has enough computing power to handle all sensor acquisition,
storing along with Bluetooth communication. The AD8232 [9]
is selected as the ECG frontend and LIS2DHTR 3-axis
accelerometer is selected as the other main sensors of the device.

The hardware is manufactured in a 40 mm x 41 mm four
layer PCB as shown in Fig. 3. The device is three times smaller
than the Nox T3 and 3.8 times smaller than Apnealink Air which
are considered as the smallest at-home sleep diagnostic devices
in the market. Custom made U- shaped ERBs connect to the two
sides of the circuit board such that chest expansion is divided
between two bands. This allows respiration recording even
while the user lies on their side. The PCB is coated with circuit
board lacquer to protect from sweat and concealed under the tshirt such that the PCB part placed just below the sternal bone,
where both male and female human body naturally have a small
gap under the rib cage. The only rigid part of the device is placed
to occupy this space. Even when the user sleeps in a prone
position, there is a minimum chance that the device is perceived
by the user. Fig. 3. shows the front side of the device when ERBs
are attached.
The ECG channels are not intended to be used in the home
environment as cardiac activity will be captured using the noncontact ERB, thus negating the need for any electrodes.
However, it is useful in validating the device and potentially will
be used in future application to gain additional information
about cardiac activity. The connections to the disposable ECG
electrodes can be routed via either jumper wires or shielded low
resistive EMI fabric.
The electronics and ERBs were attached to the internal side
of a t-shirt fabric using an “interfacing” [10] technique popular
in garment manufacturing. With interfacing fabric, we can
connect the device and ERBs without any woven threads. When
attached, the electronics and sensors are almost invisible as
shown in Fig. 3.
A series of device test experiments were performed to assess
the overall performance of the device. First we assessed
technical aspects of the device, i.e. data throughput via
Bluetooth, SD card throughput, power consumption. Second, we
assessed functional capabilities, i.e. respiration and cardiac
activity detection. For all experiments, the data is sampled at
100Hz for each channel, ERB1, ERB2, ECG and
Accelerometer. Each sample consists of a 32bit integer.
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III.

RESULTS

A. Bluetooth Link Layer test
The device relies on Bluetooth as the means of data transfer
to act as an IOT enabled device. Bluetooth 5 is chosen to give
the advantages of low power and high speed compared to past
generations of Bluetooth. Currently, there are only a few
manufactured smartphones available that includes Bluetooth 5
ready hardware. However, as the CC2640R2F is backward
compatible, Bluetooth 4.2 can also be used to communicate with
most smartphones in streaming scenario but with a lower
throughput.
Our device is embedded with a chip antenna (3.2 mm x 1.6
mm) manufactured by TAIYO YUDEN to save PCB space. To
verify the antenna and MCU supports Bluetooth 5, 1M PHY and
2M PHY link speed, a throughput test was conducted. Our
device and TI CC2640R2F launchpad (which acts as the dongle)
were placed 1 m apart, and the launchpad was programmed as a
central device while VitalCore acts as the peripheral device.
Table 1 shows the average, and maximum throughput observed
through the air. The data sent over the air was simulated
sequential arrays generated in the peripheral device.

At 1.6kB/s data throughput, to completely fill the SD card,
the device would have to record more than a year worth of eighthour sleep studies.
C. Current consumption during continous operation
For an IOT device, low power operation is a critical
requirement. VitalCore is designed to continuously operate at
least for a full night as a sleep monitoring device. When operated
with a battery, it is impossible to avoid the battery thickness
which adds to the VitalCore device dimensions. However, it is
possible to use a battery smaller than the size of the PCB without
increasing the width and height dimensions. A 600mAh Li-ion
battery by ZON.CELL measuring 29 mm x 36 mm x 5.5 mm
was chosen to power the device, and matched the PCB
dimensions.
A low side current measuring technique was used to measure
continuous current consumption of the device. A 1±0.001 ohm
resistor was used and the voltage across the resistor is measured
using NI USB-6002 data acquisition device at 10k Hz. VitalCore

TABLE I.

AVERAGE AND MAXIMUM THROUGHPUT OBSERVED BETWEEN
VITALCORE AND BLUETOOTH 5 DONGLE
Bluetooth
Link

Throughput/ (kbps)
Average

Maximum

1M PHY

720

780.8

2M PHY

1300

1366.4

The device uses a 50 ms connection interval and Maximum
Transfer Unit of 247 bytes. The theoretical maximum
throughput for the 2M PHY is 1366.4 kbps. As seen from
TABLE I. , the MCU and antenna support 95% of the maximum
theoretical throughput of Bluetooth 5 providing excellent data
transfer speed.
B. SD card for continous data writing
A 16GB class 10 microSD card is used in VitalCore to store
data internally. The reason to store data internally is to prevent
data loss during the recording if wireless connection drops. A
dedicated SPI channel at 6 Mhz communicate with SD card
simultaneously while acquiring and streaming data. The SPI link
speed is 6 Mb/s which translates to 750kB/s. VitalCore could
achieve 538kB/s read performance and 375kB/s write
performance if 8 sectors were cached and written into the SD
card simultaneously. However, when considering the write
throughput requirement is only 1.6kB/s, even a single sector
write without any caching is sufficient at 220kB/s speed. To
balance the write performance and SRAM memory
requirements, 2 sectors were cached and written at a time. The
write time for two sectors was 4.98ms (measured using
oscilloscope) where two sectors consists of 1kB or 640ms of
real-time data. This results in two important design
considerations. During a write event, two data samples must be
taken in parallel to the write event to avoid missing samples.
Second, 99.21% of the time the CPU does not need to
communicate with the SD card freeing enough computation time
for other tasks.

Fig. 4. Current consumption of the device as measured to cover all possible
events during data acquisition.

performs internal operations with different cycles. The smallest
cycle is ADC data acquisition and the longest cycle is the SD
cluster change operation occuring after every 32kB of data
writing (every 20.48 s). Therefore, a 50 s time window was
measured to include current consumption during all operations.
As shown in Fig. 4, the current consumption does not exceed
90 mA. Peak current is achieved during data writing to the SD
card while 20 mA current peaks occur during Bluetooth
connection intervals. Outside of these peaks, current
consumption oscillates between ~ 6 mA and ~ 13 mA during
continuous data acquisition. The small break around 16 s and 37
s occurs where cluster updates and file-size updates occur in the
FAT file system.
The average continuous current consumption is 12.2 mA.
With the selected 600mAh battery powering the device it is
possible for VitalCore to complete more than five eight hour
sleep studies from a single charge.
D. Respiratory rate and respiratory variability
An experiment was conducted to compare the respiratory
readings against a validated pneumotach spirometer.
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Simultaneous recordings for two minute period from both
spirometer and VitalCore were taken and aligned to compare
two devices. The spirometer records airflow during exhalation
while VitalCore records torso expansion/contraction related to
both inhalation and exhalation. When aligning, the peaks of
vitalcore readings were aligned with the starting point of the
spirometer readings to compensate the difference.

the index finger [11]. In the experiment, breathing was held to
measure only the chest expansion due to cardiac activity. Fig. 6
shows the resulting waveform.

Fig. 5 shows two readings from spirometer and ERBs. The
corresponding peaks were marked for inspiration for ERBs and
expiration for spirometer readings. The inset shows the time
shift between two graphs when aligned.
The peak detection and respiratory flow calculation are
extremely simple for the ERB data due to clean, low noise data
output it produces. A simple 0.1 Hz high pass filter is sufficient
to eliminate DC offset while a 30% cut-off peak detector with a
minimum 1-second distance could find almost all the inspiratory
peaks available. The findpeaks() function available in MATLAB
was used to find the peaks from both signals. Instantaneous
respiratory rate was calculated using the time difference
between peaks for both signals. The mean percentage error for
instantaneous respiratory rate compared to spirometer reading
was only -0.087% breaths/minute with a standard deviation of
3.2%. When averaged over time, the calculated respiratory rate
from the spirometer was 19.7191 breaths/minute while
VitalCore was 19.7179 breaths/minute.

Fig. 6. Pulse recorded from pressure transducer and the corresponding reading
from left/right bands of vitalcore torso. The readings were taken while
holding breath.

It is interesting to note that only left ERB was far more
effective in detecting the heartbeat. This is potentially due to its
location with reference to the heart and aorta. Also notable is the
time difference between the ERB and finger transducer peaks.
The time difference corresponds to the pulse transient time and
is a viable potential means of estimating blood pressure.
Measuring the heart rate from the left ERB is a trivial task if
the respiratory movements are not involved. However, when
respiratory movements are involved, the task required further
post-processing. The heartbeat is visible to the naked eye even
when respiratory movements are present in ERB waveform,
however, getting a consistent automated measurement requires
further data analysis and processing.
IV.

Fig. 5. Data captured from the pneumotach spirometer flow data and ERB
readings from VitalCore. Inset: overlapped data exerpt.

In another experiment, the respiratory rate was calculated for
a full night wearing the VitalCore. The calculated instantaneous
respiratory rate was consistent over the night varying between
10 and 15 breaths/minute with an average respiratory rate of
11.85 ± 0.94 breaths/minute.
E. Pulse detection from ERBs
The chest-worn ERBs are sensitive to blood volume changes
in the chest due to the heartbeat. The expansion is more apparent
when the breathing artefact is removed. An experiment was
conducted to compare pulse measurements from VitalCore with
those from a pressure transducer (ADinstruments) connected to

DISCUSSION

These experiments demonstrate the characteristics of the
developed VitalCore device and potential to work as an
independent IOT node for continuous sleep monitoring. Based
on the preliminary results shown the device works as expected
and fulfil the basic requirements to integrate into fully functional
IOT platform. The device has the potential to overcome
significant weaknesses of current sleep monitoring devices. It is
completely concealed in a garment providing minimum
obstruction and inconvenience to the user. The hardware is
smaller in area and thickness compared to currently available
commercial alternatives. The device can be powered with
200mAh~600mAh li-ion battery without the battery size
exceeding the dimensions of the PCB to allow single day to full
week usage from a single battery charge. The hardware supports
the latest Bluetooth 5 natively providing the maximum
Bluetooth wireless transfer rate available with current
technology.
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We have shown that electro resistive bands can be used in
the wearable garments for respiratory and pulse monitoring. The
low-cost sensor and circuit and low noise performance make
them ideal sensors for widely available long-term monitoring. If
implemented with an ADC that can sample with >10k sampling
rate, by measuring the time difference between heart expansion
and pulse arrival time at the finger, we believe a reasonable
estimation of pulse wave velocity can also be obtained.
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