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1. Introduction

The use of smart devices and wearable technology in everyday life has increased considerably in the last decade .

This is also true in the field of sports and physical rehabilitation. In sports, professional and recreational athletes are

constantly trying to improve their skills and performance by using advanced (wearable) technology, which can ultimately

lead to a competitive advantage . Similarly, in physical rehabilitation, patients use technology to shorten the

rehabilitation process and improve its effectiveness .

A large number of electronic devices used in sports and physical rehabilitation are classified into three groups using

terminology in the field of electronics: consumer devices, high-end devices and systems, and purpose-built devices and

systems. Consumer devices include smart wristbands, heart rate monitors, smartwatches, smartphones, and many

others. They usually contain various sensors, such as kinematic sensors to measure motion  and sensors to measure

the physiological parameters of the user. Generally, users employ these devices to self-quantify their physical activity.

Consumer devices are easy to use and predominantly provide some sort of statistical results, such as event counts,

averages, progress, and the like. High-end devices and systems are primarily used for professional laboratory testing and

research. They include optical tracking systems, force plate systems, video analysis systems, and others. They provide

precise and accurate measurements of various activity parameters, such as movement patterns or force distribution, but

their use is limited and restricted to specific tasks, environments, and experts; not to mention their high acquisition and

operating costs. Purpose-built devices and systems attempt to bridge the gap between consumer and high-end devices

and systems. In most cases, they are designed to be task-specific and implemented (at least in part) as wearable devices.

They are used to assess the kinetics and kinematics of movement or physiological parameters of the user, preferably

without interfering with the performance of the activity. In general, their use is more complex than consumer devices,

which typically do not require a special setup, but are less complex than high-end systems, which may require a

complicated setup and trained personnel. Purpose-built devices and systems using wearable technology enable task-

specific acquisition of biomechanical and physiological parameters of activity. When compared to consumer or high-end

devices, the task-specific data allows for targeted processing and analysis, resulting in higher quality results regarding the

specific task. This ultimately increases rehabilitation benefits and training performance .

One concept that leads to improved execution of activity and performance, and thus a competitive advantage in sports or

a better rehabilitation process, is biomechanical feedback (BMF) . BMF is a treatment and body control method

that uses sensors to measure a person’s physiological and physical body functions, parameters, and activities, including

the ones that cannot be perceived by the human senses. The data from the sensors are processed and the results are fed

back to the person via one of the human senses. The person tries to respond to the received information in order to

change the sensed functions, parameters, and activities in the desired way, thus closing a feedback loop . BMF systems

generally consist of at least four basic elements: a user, one or more sensors, a processing unit, and one or more

actuators, as shown in Figure 1. There can be more than one instance of each element .
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Figure 1. BMF system—Sensor(s) measure the user’s activity

and send data to the processing unit. The processing unit analyses the data and generates feedback that is provided to

the user via the actuator(s). The user responds to this feedback by correcting or changing their activity.

Different sensors that measure physiological or biomechanical parameters of the body  are used and studied in

different applications in sports and physical rehabilitation . The selection of the most suitable sensors depends strongly

on the measured parameters and variables, the activity performed, and the intended use of the BMF system.

The processing unit receives signals and data from sensors and processes them. The type and operation of the

processing unit depend on the processing requirements of the system. The sensor and the processing unit may be

integrated into the same device or they may be implemented as two separate devices. In the latter case, they are usually

wirelessly connected, but in certain cases, a wired connection is also used. Theoretically, there is no limit to the number of

processing units; multiple computers may share the task of processing data, but this is usually not required. Some or all

processing tasks can also be performed in the cloud. Currently, there is no need for devices with high processing power,

and, in general, processing power is not an issue in application development, as microcontrollers and personal computers

can perform almost all required tasks.

Feedback information must be meaningful and understandable to the user. It is provided in different modalities defined by

stimulation of the human senses: auditory for sound, visual for sight, vibrotactile, or haptic for touch. The BMF system

communicates with the user by presenting information through a variety of actuators such as visual displays, headphones

or speakers, vibrating wristbands, or augmented reality glasses. It is very important to use the right type of modality—the

feedback information should not interfere with modalities used to perform the activity and should not impose too much

additional cognitive load. Nevertheless, different modalities can be used simultaneously or in the same application, but

only under the conditions mentioned above.

In BMF systems, it is very important how early researchers provide the feedback information to the user in relation to the

activity being performed. The researchers understand the concept of timing from two perspectives: the user’s perspective

and the system’s perspective. Users experience feedback in different modes: concurrent, cyclic, event-driven, and

terminal. Concurrent feedback is provided throughout the duration of the activity. Cyclic feedback is given after the

completion of a specific part or cycle of activity. Event-driven feedback is given to the user only at times when certain

events (triggers) occur during the movement and when these events are significant to the user. Terminal feedback is given

after the action. Feedback timing, from the perspective of the system, can be categorized into real-time or post-processing

feedback. The understanding of what is real time varies in different domains. In BMF systems the notion of real-time

depends on human perception of the operation of the system. The BMF system interacts with the user via feedback

modality, and the user interacts with the system by changing motion that is detected by sensors. It can assumed that a

system operates in real time, if the user is not able to perceive the interaction as delayed or uncoordinated .

Depending on the stimulus (feedback modality), humans can normally perceive latencies between 25 ms (auditory and

haptic) and 100 ms (visual) . The total delay of the BMF loop includes the sum of delays of all BMF system elements

and the communication between them. It can be concluded that real-time BMF systems should operate under the above

constraints to be effective and perceived as natural. Unlike real-time feedback, post-processing feedback is much easier

to implement because there are no strict and rigid time constraints on when processing must be carried out. Real-time

BMF systems is focused.

The implementation of real-time BMF systems and applications may vary in different sports or rehabilitation cases. A BMF

system for aquatics sports may be quite different from a system for martial arts or a system for gait rehabilitation.

However, similar or even the same systems can also be used in both sport and rehabilitation. For example, the same BMF

system can be used in running practice and in gait rehabilitation. Additionally, Wi-Fi communication and smartphone

display actuators are applicable in many cases in sports, but they are useless underwater. When designing BMF devices,
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obstructiveness is an important factor that limits the size, weight, type of communication, and operation of the device. The

device should not restrict the user, should not obstruct the movement, and should be virtually imperceptible.

Sensors are often integrated into wearable sensor devices that contain a processor (i.e., a microcontroller), a battery, and

a (wireless) communication module, allowing the sensor device to communicate with other devices such as computers,

smartphones, or tablets. Wearable sensor devices must be small, lightweight, and should have sufficiently long autonomy.

Signal and data processing and analysis are performed on a wearable device itself or sent to a computer or smart device.

Digital signal processing techniques are used for analysis and feedback generation. The actuator must also communicate

with the processing unit. It can use the same communication technology as the sensor or a different one. The choice of

the actuator depends on the modality used. Auditory feedback can be provided to the athlete through headphones,

speakers, or other acoustic devices. Visual feedback can be displayed on a screen or projector, via smart glasses or a

VR/AR (virtual reality/augmented reality) headset. Vibrotactile feedback is typically generated with small haptic vibrators

or piezoelectric elements. In some implementations, the sensor, processing unit, and actuator are integrated into the

same device, such as smartwatches or smartphones.

2. Real-Time Biomechanical Feedback Systems in Sport and
Rehabilitation

The development of BMF systems focuses on physical activity, and everything related to the technical components is

guided by the principle that human movement should not be obstructed by the equipment used. If that is the case, the

BMF systems can bring benefits and be useful for the user, otherwise, they can have opposite effects. Sensor,

communication, and actuator technologies must be able to work in the desired environment; equipment for swimming

studies must be different from that used for gait rehabilitation or running. However, both walking studies and running

applications can use similar or the same system for assessing two different movements .

The same set of sensors is often used for balance training. Advanced use of a kinematic sensor is demonstrated in the

dancing application , where complex motions are captured and used as an input for auditory feedback. Wearable

sensors in the form of smart clothing and textiles  will probably be very interesting for BMF studies in the future. In

observed studies , there are examples of sensors that can be used to assess whole-body activity, and these will

evolve in the future into smart textiles that use optical fibers and strain sensors for motion sensing. The general trend in

this area is toward wearable sensors  and smart sport equipment . The placement of wearable sensors is of

paramount importance, as only the sensor placed in the correct location on the body or equipment is able to detect the

desired motion, which is, however, application-specific and cannot be generalized.

It is also worth noting that most papers use a sampling frequency of about 100 Hz. This frequency is suitable for capturing

the majority of human movement patterns. Although, certain specific motions or events, such as impacts do require higher

sampling frequencies, and with that more capable hardware . The sampling frequency is also related to the

communication bandwidth used. That is, if the devices cannot communicate faster and are limited in regard to data

transmission, the sampling frequency can be reduced to compensate for the limitations of the hardware.

Sufficient processing power can be provided either by a remote device or by a wearable device. Basic digital signal

processing techniques are currently used in the majority of studies, but researchers are already exploring machine

learning techniques that can take advantage of potential information about the movement by learning different behavioral

and motion patterns of the user.

There are different BMF system architectures depending on whether the application is intended as a tool for everyday use

or if it is specifically used in a laboratory setting. If the BMF system is intended as an everyday wearable or training

device, a compact solution in a single device is appropriate. However, if the system is intended for more precise and

monitored rehabilitation or sports training, complex distributed systems may be used. As the BMF field evolves, more

commercial end-user devices are expected to be available, and researchers expect them to implement a compact

architecture.

An interesting research question of BMF systems is the feedback modality, where further studies are needed on the

effects of the different modalities in different situations. Once the movement has been captured and processed, relevant

information about the motion is returned to the user via a specific modality. This can be achieved in a variety of ways.

Researchers should decide at the beginning of BMF system development what information they want to convey to the

user and how they want to accomplish this. The complexity and presentation of feedback information can vary significantly

between modalities. Most of the papers use visual feedback, which is not surprising as sight is a human’s primary sense.

Visual information can be presented on a display and is, in most cases, self-explanatory to users, requiring minimal
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learning. On the other hand, auditory and haptic feedback require a certain amount of learning before use. Visual

feedback can be provided primarily during stationary exercises in sports training or rehabilitation. One way to make visual

feedback useful in wearable applications is through the use of augmented reality. Some rudimentary studies using

augmented reality and virtual reality with head-mounted displays are also worth investigating , although more

studies are needed in this area in the future. It is believed that other, simpler modalities should be thoroughly investigated

before exploring the possibilities of augmented reality. In most cases where mobility is required, both haptic 

and auditory  feedback would be more appropriate.
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