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Wearable technology is increasingly vital for improving sports performance through real-time data analysis and
tracking. Both professional and amateur athletes rely on wearable sensors to enhance training efficiency and

competition outcomes.

wearable sport loT biomechanic sensors

| 1. Introduction

The concept of Wearable Technology (WT) has been used in various fields such as healthcare, sports,
entertainment, electronics, textiles, and the defense industry for a long time [2BIEIB] Thanks to the opportunities
provided by sensor and internet technology, WT has made significant progress in the last two decades and ha

become devices that we frequently use in our daily lives.

Various definitions have been proposed for the concept of WT, and it is an interdisciplinary field that involves
disciplines such as engineering, healthcare, and sports. Godfrey et al. described the concept of WT by focusing on
smartwatches and stating that it encompasses numerous devices that are directly or loosely worn on a person 2,
According to Seckin et al., WT refers to non-invasive devices and sensors that individuals can wear on their bodies
to assist in monitoring their health conditions, without requiring subcutaneous applications 2. Shen et al. defined
the concept of WT as mobile electronic devices that can be comfortably worn on the user’s body or attached to
their clothing . Park et al., stated that WT devices differ from traditional clothing and enable personalized mobile
computing . Coyle and Diamond emphasized that WT devices should be soft, flexible, and washable, and they
should meet people’s expectations of normal clothing [Z. Ye et al., defined the concept of WT, which they examined
as smart textiles, as fabrics with various integrated electronic components. They emphasized that this technology
should meet the fundamental requirements of clothing, such as comfort, lightweight, thermal insulation, and
breathability . The common underlying point identified in these studies, in addition to direct definitions, is that WTs
should incorporate sensors, processing units, power sources, and be wearable on the body. It is observed in some
review papers that various sports equipment are also considered as wearable BI: however, these are not actually
wearable on the body and fall into the category of smart equipment, such as a smartphone or remote control
device. From this perspective, it is crucial to define the boundaries of wearability clearly. Taking the above
definitions together, WT can be described as devices that are worn on the body, non-invasive, and incorporate

various electronic components such as sensors, communication units, processors, actuators, and power sources.

| 2. Hardware and Software of WT in Sport
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WT, at its core, is Internet of Things devices and consist of three layers as illustrated in Figure 1: sensor,
processing, and network. The first two layers, sensor, and processor, encompass all the operations that take place
solely on the electronic hardware of the WT. Additionally, various external devices, computing methods, and
communication protocols are incorporated into the network layer as part of WT.
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Figure 1. Layered Structure of Wearable Computing.
2.1. Sensors Layer

The first layer is the sensor layer, where information obtained from the human body through various means is
transmitted as signals to the processor, the second layer of the WT, using analog-to-digital converters (ADC),
digital inputs, Inter-Integrated Circuit (I12C), Universal Asynchronous Receiver/Transmitter (UART), Serial
Peripheral Interface (SPI), and similar methods. In today’s sports field, WT with sensors or sensor systems

provides valuable data by measuring physiological, motion, position, and environmental conditions.

2.1.1. Physiological Sensors

Physiological data encompasses information derived from the biological processes occurring within the human
body, serving as a valuable source of insights into an individual's health, performance, or overall condition.
Prominent among the sensors used for capturing physiological data are well-recognized devices such as
Electromyography (EMG), Electrocardiography (ECG), and Electroencephalography (EEG). Furthermore,
physiological data acquisition extends to include an array of sensors such as functional Near-Infrared

Spectroscopy (fNIRS), Oximeter, Blood Pressure Sensors (BPS), Galvanic Skin Response (GSR), and respiratory
monitoring sensors.

In the context of sports and related fields, the term “biometric data” is at times used to describe the physiological
data obtained from athletes RUILUIA2] However, it is important to distinguish this usage from the engineering
domain, where “biometric data” encompasses information utilized for the purpose of identifying individuals through
the analysis of their biological characteristics and events (12, Biometric identity verification relies on immutable

physical or behavioral attributes unique to each individual and is considered unalterable. Governments and security
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systems employ biometrics as a robust method of personal identification for this reason 4l It is crucial to
acknowledge that data gathered from sensors measuring an athlete’s physiological responses do not inherently
possess the same uniqueness or distinctiveness characteristic of biometric data. Consequently, caution must be
exercised when applying the term “biometric data” in the context of athletic research, as this misalignment in
terminology can potentially lead to legal and ethical complications, as well as cause confusion within the scientific

community.

EMG system measures the electrical activity of muscles. By providing data such as muscle contractions and
muscle strength, they can provide information about muscle activity and performance 2218117 EMG electrodes
are placed to detect the electrical signals originating from the muscles. During muscle contraction and relaxation,
neurons in the muscle fibers produce electrical signals. This electrical activity is associated with the movement of
muscles or changes in muscle tone. EMG electrodes detect and record the electrical activity of muscles by
capturing this electrical activity. The obtained EMG signals are processed and recorded through amplifiers and

data recorders. EMG signals reflect the magnitude, duration, timing, and coordination of muscle contractions.

ECG is a technique that records cardiac electrical activity and provides information on heart rate variability (HRV),
cardiac arrhythmias, and cardiovascular health 181920 ECG is a valuable tool for evaluating the health and
performance of athletes, as it can reflect the autonomic nervous system regulation, the metabolic demand, and the
cardiac adaptation to exercise. ECG is an important tool for monitoring athletes’ health and performance,
optimizing exercise programs, and assessing heart health 2. ECG electrodes are placed on specific locations of
the torso and limbs to capture the signals generated by the cardiac depolarization and repolarization. Some
commercial WT, such as smartwatches and wristbands, claim to have ECG detection capabilities, but they usually
measure a single-lead ECG that is more suitable for detecting training load or cardiac disorders than for providing a
comprehensive ECG analysis 22231, The conventional ECG acquisition is often inconvenient and intrusive, as it

requires multiple electrodes and wires that may interfere with the natural movement of the athletes.

EEG sensors measure brain waves using electrical methods and provide data related to brain activity 2423, These
data can provide information about an athlete’s brain activity, sleep quality, concentration, and other factors. The
working principle of EEG involves the placement of metal plates called electrodes or sensors on the scalp. These
electrodes are used to detect electrical activity in the brain. The electrodes are typically placed at specific points on
the scalp to capture electrical signals from different regions of the brain. Brain cells or neurons are the cells that
generate and transmit electrical signals. This electrical activity is due to the potential differences created as
neurons communicate with each other. EEG electrodes detect and record these electrical activities to obtain brain
wave patterns. EEG signals consist of different components known as low-frequency (slow) and high-frequency
(fast) brain waves. Brain waves can reflect different aspects of brain activity such as sleep, wakefulness, focus, or

different mental states [28],

Athlete brain activity monitoring applications are also measured with functional near-infrared spectroscopy (fNIRS)
sensors [22l27] Neuronal activity in the brain causes changes in oxygenation. fNIRS uses near-infrared light

emitted by a light source, which is absorbed by hemoglobin in the tissue. When the oxygenation of hemoglobin
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changes, its absorption properties also change. When the fNIRS detector detects the reflected or scattered light

from the brain, it measures the changes in oxygenation and collects this information as a data set.

Pulse oximeter sensors are used by placing them on the fingertip or near blood vessels to provide data such as
peripheral oxygen saturation (Sp0O2), heart rate (HR), and photoplethysmography (PPG). Oximeters operate by
using two different light sources: red and infrared. Oxygenated blood absorbs more red light, while deoxygenated
blood absorbs more infrared light. The oximeter measures the amount of light passing through the skin or tissues
using these two light sources. This data provides information about athletes’ oxygen levels, heart rate, and exercise

performance [28129],

BPS facilitates the assessment of athletes’ blood pressure levels and cardiovascular well-being through blood
pressure measurement BYBLUE2 Typically, the BPS is designed as either a cuff or a wristband. This WT employs a
mechanism in which the cuff is inflated using air until arterial blood flow is occluded. The pressure reading
corresponding to the cessation of arterial blood flow indicates the Systolic blood pressure value. After this
occlusion, the applied pressure is gradually released. During this process, oscillations in pressure occur due to
cardiac contractions, and the pulse rate is determined by quantifying these oscillations and the time intervals
between them. The minimal pressure threshold required for pulse detection designates the Diastolic blood
pressure value. Consequently, this methodology enables the determination of both systolic (maximum) and
diastolic (minimum) blood pressure values, expressed in pulse per minute and millimeters of mercury (mmHg)

units.

The GSR sensor is based on the principle that the skin’s electrical conductivity can vary due to sweating. Sweating
increases the moisture level on the skin, thereby increasing electrical conductivity. Therefore, when a person
experiences an emotional response or exerts physical effort, the amount of sweating and, consequently, the
electrical conductivity change [331(341(35],

Respiratory sensors measure data such as respiratory rate, respiratory depth, and respiratory pattern. These data
provide information about athletes’ respiratory performance, exercise capacity, and energy expenditure [2837I[38]
These sensors typically work by measuring respiratory movements using various types of sensors, including
optical, mechanical, or electromagnetic sensors, which are usually placed on the chest area. Smart masks are WT
capable of monitoring an athlete’s respiratory and metabolic parameters during exercises or other activities. There
are many commercial examples such as Calibre 32 K5 49 and Cortex—Metamax 3B 41, These devices exhibit the
characteristic of becoming the gold standard, particularly in terms of energy expenditure and performance
measurements. Wearable smart masks comprise a multitude of sensors such as gas sensors, flow sensors, heart
rate sensors, temperature sensors, and humidity sensors 2243l However, the primary sensors consist of oxygen
and carbon dioxide gas sensors along with a flow measurement sensor. Other sensors serve auxiliary roles, and in
some commercial products, they are positioned in a manner that could be more effective outside the mask,
incorporating additional systems such as ECG. Wearable smart masks hold considerable potential applications
within sports science and medicine. They enable accurate and continuous measurements of fundamental

parameters, namely, respiratory gas exchange and metabolic rate, for evaluating aerobic capacity, anaerobic
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threshold, energy expenditure, substrate utilization, respiratory efficiency, lung function, and more. These
parameters can aid in assessing and optimizing physical performance, including monitoring training intensity and
duration, recovery, and adaptation processes, as well as identifying health issues or risks. Wearable smart masks

also have the capability to offer personalized feedback and guidance tailored to users’ goals and preferences.

2.1.2. Biomechanics Sensors

Biomechanics is the application of mechanical engineering principles to living organisms, and it encompasses
studies at the tissue and joint levels 4l Biomechanics involves applying forces to biological systems and
specifically includes the effects of forces applied to the human body 2!, Within this scope, motion data refers to the
use of sensors to monitor athletes’ skeletal movements and muscle activities. In sports, the primary sensor used for

motion sensing is the IMU and other sensors such as force sensors and EMG sensors are also utilized.

IMU is a type of microelectromechanical system (MEMS) sensor consisting of multiple sensors combined. An IMU
sensor can include an accelerometer, gyroscope, and magnetometer sensors. The accelerometer is used to
measure changes in acceleration resulting from applied forces. The gyroscope is used to determine the amount of
angular rotation. The compass is used to measure the orientation of the sensor based on Earth’s magnetic field.
The compass is mainly used as a supporting sensor for sensor fusion with the accelerometer and gyroscope to
determine the direction and magnitude of motion 48147148l MU sensors can be used for various purposes such as
swimming 4259 posture analysis L5253 and exercise tracking 2453,

Various sensors are used for force and motion detection in the field of sports. Some of these are sandwich-type
sensors consisting of piezoelectric B8IEABEIEI - resistor BABLOG2IE3]  capacitor and magnetic elements. These
sensors convert mechanical energy into electrical energy to form triboelectric nanogenerator (TENG) systems (64
[65(66] TENGs can be integrated with textile-based systems as wearable sensors in the field of sports (6463l
Piezoelectric sensors are inexpensive, sensitive, and capable of measuring quickly, but piezo crystals have a
fragile structure and are not suitable for highly flexing surfaces. Resistive sensors, on the other hand, measure the
deformation of the tissues obtained by knitting conductive threads as a change in resistance. These sensors are
affected in situations such as liquid contact and perspiration, and coated systems must be used. The Strain gauge
sensor is a coated resistive sensor and must be attached to the surface to detect hand movements. These sensors
are custom-made and expensive. Applications for the use of conductive liquid in silicon are resistive sensors with
high performance but difficult to manufacture and design 7. If these sensors are punctured or ruptured, the
leaking liquid may harm human health. Capacitive sensors are passive circuit elements that measure the
capacitance change of the dielectric material between two conductive plates. These sensors are preferred because
of the insulator of biological materials and offer new horizons in the measurement of biopotential energy in
humans. Capacitive sensors do not require electrodes to contact the skin, use conductive liquid/gel, or fixation, and
can measure as precisely and stable as other methods.

2.1.3. Location Sensors
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Location sensors are used to track athletes’ position changes and movements. The most fundamental wearable
positioning systems include Global Navigation Satellite System (GNSS), Ultra-wideband (UWB) positioning
systems, Wi-Fi, Bluetooth, RFID, and wearable marker positioning systems (6811691701 The most used methods

among these are GNSS, UWB, and camera-based wearable marker positioning systems.

GNSS refers to satellite-based navigation systems, with the Global Positioning System (GPS) being the most
widely used. A GNSS receiver receives satellite signals, analyzes the timing and location of the signals, and
determines the user’s position accordingly. GNSS is suitable for open-field applications, but it may not work or may
be misleading in indoor environments due to signal weakening and reflections. In sports, it is used for position

determination, speed and distance measurement, and activity analysis studies [6271](72]

The UWB positioning system consists of a transmitter and one or more UWB receivers. The UWB transmitter
generates short-duration pulse signals and transmits them over a wide frequency band. UWB receivers receive the
signals from the UWB transmitter and analyze their arrival time, power, and frequency spectrum. Through this
analysis, the position of the user wearing UWB can be determined based on the time, path, and obstacles through
which the signals propagate 8973l UwB positioning provides high accuracy and precision and is also inexpensive
and easily portable. UWB modules combined with IMUs are used for applications such as motion capture,

biomechanics, and action recognition [Z4IZ3I76],

Camera-based wearable marker positioning systems involve tracking multiple wearable markers with multiple
cameras to monitor the user’s position and movements. These systems allow real-world movements to be reflected
in virtual environments. While these systems are designed for positioning purposes, they are primarily used in

biomechanical analysis and motion recognition due to their high precision and accuracy 778179,

2.1.4. Environmental Condition Sensors

Environmental condition sensors on the WT are sensors that measure environmental effects such as air quality,
humidity, temperature, air pressure, and UV light level BBl These sensors are used to monitor the condition of
the environment where athletes are present. Air quality sensors assess the impact of factors such as air pollution
and allergens by monitoring athletes’ respiratory conditions during exercise. Humidity sensors track the humidity
levels in the surroundings, while temperature sensors monitor environmental temperature changes. Air pressure
sensors track atmospheric pressure variations and are used for altitude calculations. UV light sensors measure

athletes’ exposure levels to sunlight.

2.2. Processing Layer

The processing unit in the second layer is either a microcontroller or a single-board computer/processor that can
be integrated within the physical boundaries of the WT. The microcontrollers or processors in the second layer
possess relatively low-level capabilities in terms of memory, processing power, and operational time. Edge
computing can only be performed with the hardware up to the second layer, allowing the generation of user

feedback through methods such as signal processing, feature engineering, data compression, or machine learning.
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Actuators such as screens, LEDs, vibration motors, and speakers on WTs enable human-computer interaction by
producing responses or alerts. Up to this stage, tasks performed in WT such as heart rate monitoring, oxygen level
(SpO2) measurement, and step counting are at the edge computing level and do not involve wireless
communication. To handle more complex tasks, higher processing capacity is required, and access to the third and

fourth layers is achieved through wireless communication.

Current wearable processing units can be classified into three different levels based on their processing
capabilities, power consumption, size, and features: low-level microcontrollers, high-level or machine learning-
enabled microcontrollers and single-board computers. The processing and memory capacity parameter measures
the computational capability of the processing unit and memory. Processing power determines the type and
complexity of tasks that can be performed by the processing unit, such as data acquisition, signal processing, and
machine learning. Memory affects the storage capacity, data access speed, and power consumption of the
processing unit. Power consumption is dependent on the efficiency of the electronics and the amount of processing
in the device. Power consumption determines the battery life, heat dissipation, and size of the processing unit. The
size parameter measures the physical dimensions of the hardware unit, and it affects the portability, wearability,

and aesthetics of the processing unit.

» Low-level microcontrollers have limited processing power and memory, but are suitable for data collecting and
basic signal processing tasks. They are also low-cost, low-power, and small-sized devices that can be

integrated with sensors and other peripherals.

» High-level microcontrollers have more processing power and memory and can support advanced functions such
as machine learning, wireless communication, and security. They are also more expensive, consume more

power, and require more space than low-level microcontrollers.

» Single Board Computers (SBC) have a complete system on a single board, including a processor, memory,
storage, input/output ports, and operating system. They can perform complex tasks such as image recognition,
speech recognition, and natural language processing. They are also more powerful, versatile, and customizable
than high-level microcontrollers. These types of processors can also support deep learning applications that
require intensive computation and large datasets, but they are the most expensive, power-hungry, and bulky

devices among wearable processing units, so they are not widely used.

2.3. Network Layer

Due to the power and size limitations in WTs, the processing capacity is limited, and therefore, if more complex
outputs are desired, the data obtained should be included in the process with wireless communication methods
such as Bluetooth, Wi-Fi, Zigbee, etc. In the third layer, WT communicates wirelessly, transmitting data to devices
with higher processing capacity such as computers, smartphones, gateways, and similar devices, enabling the
production of more sophisticated output. The computational operations performed at this level are called fog

computing. Cloud computing is used if these devices have difficulty in performing the desired operations or if more
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advanced services are needed. Fog computing involves processing data from WTs at nearby gateways or cloud

services with higher processing capacity. At this stage, data is transferred to cloud-based services for deeper

analysis, data mining and other complex operations. Wearables for cloud computing communicate directly with

servers with very high processing capacity, either stand-alone or via a smartphone, computer, or gateway device.

At this stage, fog or cloud computing can be used as needed.
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