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Abstract—Wearable medical devices have evolved from basic
fitness trackers to sophisticated health-monitoring tools capable
of acquiring vital physiological parameters. This paper presents
the design and development of an enhanced version of the
PulsECG, a wearable device aimed at real-time health moni-
toring. The upgraded smartwatch integrates electrocardiogram
(ECG), photoplethysmography (PPG) for oxygen saturation mea-
surement, a body temperature sensor, and an accelerometer
for movement analysis. The system features optimized printed
circuit board (PCB) design, low-power consumption, and data
transmission via Bluetooth to a smartphone application. The
added temperature and motion sensors enhance the device’s
ability to monitor user activity and detect potential health
anomalies, making it particularly useful for telemedicine appli-
cations and chronic disease management. Compared to tradi-
tional medical monitoring systems, this wearable device offers
a non-invasive and convenient solution for continuous health
tracking. Validation tests demonstrate the device’s ability to
acquire reliable ECG, PPG, motion, and temperature data,
while maintaining user comfort and ease of use, supporting
its application in telemedicine and continuous health tracking.
The presented advancements contribute to the growing field
of wearable healthcare technology, improving accessibility and
efficiency in remote patient monitoring.

Index Terms—Telemedicine, Human-body temperature mea-
surement, PulsECG, ECG, PPG, accelerometer, wearable devices

I. INTRODUCTION

Once only used to count steps and tell time, smartwatches
are now, in some cases, real medical monitoring devices with
accurate healthcare tools. They allow users to read phone
notifications or send simple messages, but also provide a
wide choice of sports tracking features, as well as a constant
monitoring of the main vital signs.

The market of wearable healthcare devices has exponen-
tially increased in the last years. Due to the need of consumers
to monitor their own health, the trend will continue to grow.
A research done by Grand View Research estimates the global
wearable medical device market size was valued at USD 42.74
billion in 2024 and is expected to expand at a compound
annual growth rate (CAGR) of 25.53% from 2025 to 2030
[1]. Meanwhile, the market size of wearable medical device
for cardiac monitoring exceeded USD 1.5 billion in 2020 and
is anticipated to grow at a CAGR of over 24.7% between 2021
and 2027 [2].

The high demand, in particular for smartwatches, brought
the biggest technology companies, e.g. Apple and Samsung, to
work together with medical counterpart to design an increasing
number of devices for telemedicine and self-monitoring. The
business is, as always in such cases, trying to build watches
with more and more functionalities without affecting dimen-
sions and comfort [3]. The race of the major companies for
lead the wearable fitness market, has brought benefits also on
the wearable healthcare technology [4]. Wearable healthcare
devices were mainly designed to collect the user health data.
However, they are not limited to data acquisition but they can
also send information to a doctor or other healthcare clinics
in real time, for a better patient monitoring and pathologies
analysis. An example of how the business has evolved is Ap-
ple. Leader in smartphone market, Apple launched the Apple
Heart Study application in 2017 to monitor user heart rhythms
with its smartwatch and alert those who are experiencing atrial
fibrillation [5].

Based on product, the market is segmented into Holter
monitors, smartwatches, defibrillators, pulse oximeters, and
other products [6]. The smartwatches segment dominated the
wearable cardiac devices market accounting for 28.2% of
revenue share in 2024 [2] and is likely to remain dominant
for the next years.

Due to the increasing average age in the population and
the need to reduce health care spending, telemedicine is wide-
spreading [7]. This trend is undoubtedly related to the effect of
Covid-19 pandemic which has led to increased awareness of
personal health monitoring [8]. Another driver in the devel-
opment of this market is the need of a constant monitoring
of some chronic diseases [9], [10], such as diabetes and
hypertension. For these examples, it is required a continuous
monitoring of various physiological parameters as blood sugar
levels and blood pressure. These types of diseases are expected
to increase over the next few years, all due to the sedentary
lifestyle that characterizes our society.

This paper describes the second generation of the PulsECG
[11], previously developed by the authors at the Neuronica
Lab to measures blood oxygenation and electrocardiogram. In
this work, a temperature sensor and an accelerometer were
added to the device to monitor the user body temperature and
movements.



II. MARKET AVAILABLE SMARTWATCH FEATURES

The spread of the smartwatch instead the traditional ones
pass through the willingness of the people to taking care of
yourself and easily discover its state of health [12]. The main
features supported by current smartwatches are:

• The mirroring of the main smartphone utilities: the user
can see notifications, write simple messages, manage
music or use GPS-based apps.

• Record and provide meaningful information about their
sport activity: e.g. the duration, the distance covered, or
the calories burned.

• The periodic measurement of some vital parameters like
the heartbeat, or SpO2 saturation.

Any smartwatch model allow the user to see and share his
data directly on his smartphone. If on the one hand people can
better discover their body, taking interest about their health,
the biggest opportunity of this technology is their ease of use
in telemedicine applications [13]. Medical wearable devices
in some cases can replace big and uncomfortable equipments,
making easier read and control a lot of vital parameters of
patients [14].

III. ACQUIRED VITAL SIGNS

In the following, it is provided a brief description of the
main acquired healthcare signals.

A. Electrocardiogram

The electrocardiogram (ECG) is the graphical representation
of the heart electrical activity. Potential differences of cardiac
pulses are propagated along the human body and they can be
acquired by electrodes on the skin. A typical ECG segment,
shown in Fig. 1, is characterized by some fiducial points -
namely P,Q,R,S,T - as well as their intervals [15]:

• P wave: it is the first wave of the segment and identifies
the atrial depolarization (atrial electrical activation).

• Q wave: first negative deflection. The wave has a small
size and corresponds to the interventricular depolariza-
tion;

• R wave: first positive deflection. It represents the depo-
larization of the left ventricle, i.e. the heartbeat.

• S wave: second negative deflection. It has low size like
Q wave and shows the depolarization of the left ventricle
back part.

• T wave: the first positive wave after the QRS compound,
it represent the ventricular repolarization. The repolariza-
tion is the recovery of the base electric conditions. This
little wave is not always visible.

• PR interval: the interval between the begin of the P
wave and the begin of the QRS compound. It represents
the necessary time for the atrial depolarization to reach
ventricles.

• QRS complex: it identifies the ventricular depolarization.
• ST segment: the distance between S wave and T wave,

it represents the time interval between the ventricular
depolarization and the ventricular repolarization.

• QT interval: the distance between the begin of the QRS
compound and the end of T wave. It identifies the whole
ventricular electrical activity.

Fig. 1. The fiducial points and features of an ECG signal [16]

B. Heart-rate
The heart rate is defined as the number of heart beats that

occur in one minute (bpm). Usually, the heart rate in normal
conditions goes from 60 and 100 bpm. There are different
methods to evaluate the heart rate through the heart trace: the
easiest is to divide 300 for the number of the square between
two R waves. Fig. 2 shows an example of a heart rate of 85
rpm measured from an ECG trace.

Fig. 2. Heart-rate evaluation from ECG

C. Oxygen saturation - SpO2

The oxygen saturation is a blood characteristic that indicates
the percentage of haemoglobin full of oxygen respect the
total number. In standard conditions, during the breath, red
blood cells full of haemoglobin take the oxygen to transport
it. Standard levels of SpO2 is between 95% and 100%.
Lower values of are defined as hypoxemia. This status can
be taken by cardiopulmonary criticality, sleep apnea, some
medicines or high altitude. Common symptoms are migraine,
high heart rate, cough or cyanosis. The measurement of this
parameter is done thanks two different sections of the sensor,
as shown in Fig. 3: the transmitter and the receiver. The
transmitter is composed by a led that emits light into the finger.
Haemoglobin with oxygen absorbs infrared light, haemoglobin
without oxygen absorbs red light. The receiver collect all
the reflected light not absorbed by the finger. The difference
between the emitted and received light allow the sensor to
evaluate the percentage of SpO2 in blood.



Fig. 3. SpO2 measurement description

Fig. 4. The PulsECG device

D. Body temperature

The temperature of the superficial skin is strongly infuenced
by environmental conditions and clothing, especially at the
extremities (hands and feet). To give an idea, if the ambient
temperature is 20° C and the clothing light, the temperature at
the level of the arms drops to 32° C, while on the outermost
skin layers the temperature ranges from 28° C (fingertips)
onwards. Also, these values mentioned above are only a
point of reference, but each person has different temperatures.
Some factors on which body temperature depends are: ambient
temperature; characteristics of the individual person (gender,
age); nutrition; training and physical activity.

For these reasons, each person can have different tempera-
tures from another, even though they are both healthy. One way
to be able to estimate one’s body temperature is to use Lieber-
meister’s rule [17], which shows how the heart rate is strongly
influenced to body temperature: the heart rate increases by 8-
10 beats per minute for every degree centigrade the user has
relative to his or her base temperature. Long term monitoring
could make the watch capable of detecting the user’s resting
body levels and help with heart rate measurements to refine
the body temperature measurement.

IV. THE DEVICE

The PulseECG is a healthcare wearable developed to acquire
two main vital measurements:

• The electrocardiogram, giving the heart trace and the
heart rate value.

• The oxigen saturation in blood.
The watch is composed by two printed circuit boards, shown
in Fig. 4: the biggest board has the energy management
components, the microcontroller and ECG filter section. The
second board has the oxygen saturation measurement with
the SpO2 sensor. Flat wires allow the electrical connection
between the printed circuit board (PCBs).

There are also two electrodes: they are the interface of the
watch with the user. One electrode is located on the bottom

side of the watch, in contact with the wrist. The other one,
on the upper side, is in contact with the user only when it is
touched with a finger. Signals received from electrodes will be
filtered and elaborated by the ECG board and microcontroller.

The watch is connected though Bluetooth connection with
the smartphone application, which processes the data sent by
the watch and shows the ECG and SpO2 graphs. Charts are
stored in an archive with the timestamp of the measurement.
The operating principle is based on the potential difference
of electrical pulses that pass through electrodes. The signals
are read with the analog to digital converter (ADC) of the
microcontroller and, then, data are sent to the smartphone
application, which stores it in the smartphone memory. When
the finger touches the upper electrodes, the SpO2 sensor
measures the oxigen saturation.

This work extends the previous version by adding new
sensors, which implied a redesign of the existing printed circuit
board (PCB):

• temperature body sensor: it is connected to the electrode
in contact with the skin in order to read the temperature of
the user when is wearing the watch. For this implemen-
tation a new dedicated PCB was designed, which does
not increased the surface needed for the watch because it
was placed exactly below the ECG board.

• accelerometer for motion detection: used to elaborate
every data concerned the movement of the user. The
accelerometer has been placed on the main PCB, near
the push button, without the need to increase the previous
board size.

Finally, the new device was designed to host a flash memory
to store the acquisitions directly into the device, so that in case
of miscommunication with the smartphone app, acquired data
would not be lost.

In order to add the new functionalities, mentioned above, the
PulsECG hardware design required the development of three
separated PCBs, connected through flat cables:

• ECG board: the main board, the largest. It includes the
power management, data processing, the ECG front-end,
and the accelerometer.

• PPG board: in this board there is the PPG sensor and the
flash memory.

• Temperature board: it contains the temperature sensor.
Since the device was designed to be used as a wearable tool,
during the PCB design phase, particular attention was put in
reducing as much as possible its size, as well as to minimize
its power consumption. At this purpose, were selected only
low-power components.

A. ECG board
This is the main and largest PCB. Its architecture is inspired

from the ECG Watch device [18], [19]. Indeed, the board front-
end for ECG analogue signal filtering is kept as simple as
possible to avoid acquisition artifacts. More in detail, the ECG
board, shown in Fig. 5, has the following structure:

• the microcontroller, the Texas Instruments (TI)
CC2640R2F [20], in the middle of the board, an



Arm Cortex-M3 with a 2.4 GHz RF transceiver
compatible with Bluetooth Low Energy (BLE) 5.1;

• the 3-axis accelerometer, the Memsic MXC6655XA [21],
in the bottom of the board, described in Sec. IV-B;

• the 3.7 V 190mAh Li-Po battery, and the micro-USB
connector, in the top left of the drawing;

• the power management circuit, in the top left of the
drawing, made by the battery gauge, the battery charger,
the voltage regulator, the ST microeletronics DVIULC6-
2M6 [22] ESD protection diode, and the mosfet for
isolating the device during battery charging;

• the BLE patch antenna on the left;
• the ECG analog front-end on the right side, based on the

TI INA333 [23] and TI OPA4330 [24] amplifiers;
• the EVQ-PUB02K push button [25] to wake up the

device;
• the LEDs: one red (SML-P11UTT86R [26]) to signal

the device is charging, and one green (SML-P13PTT86R
[27]), driven by the microcontroller when the watch is
on.

Fig. 5. ECG PCB

B. Accelerometer

The Memsic MXC6655XA is an ultra-low power, low-
noise, integrated digital output 3-axis accelerometer with a
feature set optimized for wearables and consumer product
motion sensing [21]. It can operate from 1.8 V to 3.6 V and
has 12-bit resolution, which is used to understand if: the user
is wearing or not the device, and the user physical activity
level. The former can be used to put the device in sleep
mode and, thus, increase battery duration; the latter to correct
the heart rate and oxygen saturation measurements, and to
detect user falls. Therefore, for the proposed use case, it is
not necessary to have a very accurate accelerometer, since it
must only measure falls or inactivities.

C. PPG board

The PPG board contains the SpO2 sensor MAXM86161
[28], and the Flash memory unit W25N01GV [29].

The MAXM86161 is an ultra-low-power optical data acqui-
sition system based on an 19-bit ADC. On the transmitter side,
the MAXM86161 has three programmable high-current LED

drivers. On the receiver side, MAXM86161 consists of a high
efficiency PIN photo-diode and an optical readout channel.
The LED current DACs have 8 bits of dynamic range with
four programmable full-scale ranges of 31 mA, 62 mA, 94
mA, and 124 mA. The LED pulse width can be programmed
from 14.8 us to 117.3 us to allow the algorithms to optimize
the accuracy.

The W25N01GV (1G-bit) Serial SLC NAND Flash Memory
provides a storage solution for systems with limited space,
pins and power. The W25N SpiFlash family incorporates the
popular SPI interface and the traditional large NAND non-
volatile memory space. They are ideal for code shadowing to
RAM, executing code directly from Dual/Quad SPI (XIP) and
storing voice, text and data.

D. Temperature board

To avoid temperature bias coming from ground planes and
the circuit heating, it was chosen to put the MAX30205 human
body temperature sensor [30] in a separate board. The sensor
accurately - 16-Bit (0.00390625°C) temperature resolution -
measures human temperature (0.1° C accuracy in the range
37° C to 39° C) and can provide an overtemperature alarm
output. Accuracy meets clinical thermometry specification of
the ASTM E1112 standard [31]. Communication is through
an I2C-compatible, 2-wire serial interface.

V. VALIDATION AND TESTING

A. ECG and PPG validation

To verify that the board update and component solder-
ing activities have been properly performed, a simple ECG
and PPG acquisition through the application was performed.
Already implemented in the previous PulsECG version, it
was important know that the new implementations have not
affected existing functionality. Fig. 6 shows that the device is
still able to acquire good ECG and PPG, as its predecessor.

Fig. 6. Example of ECG and PPG acquisition

B. Orientation testing

One of the most common information that accelerometers
can give is its position in space. To do so, it uses the gravity:
depending on the axis on which it feels the exertion of this
force, it can derive in which way the sensor is positioned



relative to the vertical. Fig. 7 shows the accelerometer is able
to recognize all the possible device orientations:

• In ”BOARD” column there is the picture of the board
under test, at the orientation where the measurement was
taken.

• In ”AXIS” column the is the indication of the axis
orientation referred to the board orientation in the picture.

• In ”HEX BYTE” column there is the value of the
accelerometer orientation register, obtained during the
measurement, in hexadecimal value.

• In ”POS” columns the register value is unpacked obtain-
ing the bit useful to have the space information for each
axis.

Fig. 7. Accelerometer orientation test

C. Acceleration testing

To validate the accelerometer behaviour in dynamic con-
ditions, a free fall test was performed, as shown in Fig. 8.
Even when stationary, the accelerometer senses the force of
gravity. This implies that under static conditions on the vertical
axis it will never read acceleration equal to zero, but it will
value ±g depending on the axis orientation. During free fall,
the accelerometer will feel the force of gravity bringing the
value close to 0. It can be seen from the graph that the fall
occurred along the Z axis. Since it is impossible to keep the
device perfectly straight during the fall, the impact with the
ground does not occur with the Z axis perfectly vertical. From
this, it follows that the board lands in a disjointed manner
and the accelerations/decelerations due to the bounce phase
are seen in all axes, before returning to the static condition
of the device stationary on the desk. However, Fig. 8 shows
the chosen accelerometer can be used for monitoring physical
activity and detecting falls.

Fig. 8. Free fall test

D. Temperature testing

The first temperature test carried out is the verification of
the correct measurement of ambient temperature. The values
measured by the sensor, shown in Fig. 9, were compared with
the temperature read by the MAX30205 evaluation board,
shown in Fig. 10. As it can be noted, these two values are
coherent, i.e. 29.8° C

Fig. 9. Ambient temperature test with PCB board

Fig. 10. Ambient temperature test with evaluation board

The second temperature test is performed by holding the
finger over the temperature board for 2.5 minutes Also in this
case, temperatures of PulsECG and the evaluation board are
very similar, as shown by Fig. 11.



Fig. 11. Finger temperature test

VI. CONCLUSIONS

The second-generation of PulsECG smartwatch represents
a significant step forward in wearable medical technology,
offering an expanded set of features for comprehensive health
monitoring. The integration of an ECG sensor, PPG module,
body temperature sensor, and accelerometer enables a holistic
approach to patient data acquisition while maintaining a com-
pact and power-efficient design. Validation tests demonstrate
the device’s ability to acquire reliable ECG, PPG, motion, and
temperature data, while maintaining user comfort and ease of
use, supporting its application in telemedicine, non-invasive
continuous health tracking, and remote patient monitoring.

Future developments may focus on refining AI-driven data
analysis for anomaly detection, integrating additional biomet-
ric sensors, and enhancing device connectivity with cloud-
based healthcare platforms. Expanding clinical validation stud-
ies and regulatory approvals will be essential for widespread
adoption in medical applications. With continuous advance-
ments, wearable devices like the PulsECG have the potential
to revolutionize telemedicine, enabling early disease detection
and personalized healthcare solutions.
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