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Abstract: Sports biomechanics enables thorough examination of athletic movements to enhance
athletic performance and/or reduce injury risk. Few studies have looked at the possibilities of cutting-
edge technology in fencing, even though it presents an intriguing scenario for sports biomechanics due
to the significant demands it places on the body in terms of neuromuscular coordination, strength,
power, and musculoskeletal system impact. The aim of the study is to identify and summarise
current evidence on the application of motion technologies in support of fence athletes and to
provide a framework for the assessment and training of fencers, including performance measures
and protocols. Peer-reviewed research was identified from electronic databases using a structured
keyword search. Details regarding experimental design, study group characteristics, and measured
outcomes were extracted from retrieved studies, summarised, and information regrouped under
themes for analysis. The methodological quality of the evidence was evaluated. Thirty-five studies
were included in the present review, which showed kinetic, kinematic, muscle recruitment and
coordination differences among athletes as gender and athletic training differed. Findings revealed
that most of the included studies investigated the lunge technique in professional athletes using
Optoelectronic Systems and force platforms as preferred motion technologies. Only nine studies
reported the assessment of muscle activation during task execution (25.7%). Less than 20% of the
study recurred to Artificial Intelligence/Machine Learning (AI/ML) approaches in the analysis.
The potential contribution of the user’s kinematic/kinetic data and physiological measures is still
underestimated. The recommendations provided in this study could help promote and support
further cross-sectional and longitudinal studies in the field.

Keywords: fence; biomechanics; sensors; performance; artificial intelligence

1. Introduction

In the open-skilled combat sport of fencing, no physical contact is permitted between
the two competitors as they engage in an indirect struggle with their weapons. Each of the
three competing weapons—foil, saber, and épée—has its regulations, and men and women
compete with them. For safety purposes, fencing gear, masks, gloves, and plastrons are
required [1]. This sport requires a high level of coordination, explosive strength, speed, and
precision due to its asymmetrical nature.

The most common kind of assault is the lunge attack. The flèche and those derived
from in-stance counterattacks are some more. Acquiring proficiency in the lunge action
is one of the essential parts of fencing. Lunge starts with a sword arm extension that
threatens the touch zone, followed by an explosive anterior leg extension. Aspects related
to kinematics and muscle action have mainly been used to describe and research the control
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mechanism behind lunge performance. Additionally, the fencer’s performance is greatly
influenced by his response to his opponent’s moves [2].

Technology assists in the research of fencing biomechanics because the kinetics and
kinematics of the lunge have not yet been quantitatively described. Athletes’ long-term
training results, physical health, and technical proficiency are assessed in sports perfor-
mance analysis. Knowing how fencers behave in a match or during practice is significant
because it may be helpful for them to improve their muscle coordination and strength
to prevent injuries, but most importantly, to react more quickly to the opponent’s action.
Coaches design a personalized training schedule to enhance trainee abilities and technique,
and using a variety of instruments; they can monitor their development.

Field hockey, football, swimming, badminton, soccer, and fencing are just a few of
the sports whose biomechanics are being studied thanks to growing interest in technology
research, as mentioned by Adesida and colleagues [3]. Human motion analysis is one of
the most precise methods for addressing the biomechanics of professional sports. Video
analysis is among the most effective and often used tools for human motion analysis.
Athletes receive external visual feedback from cameras during practice or competition. On
the other hand, real-time tracking and recording of human motion is the goal of automatic
tracking motion analysis systems, commonly referred to as motion capture. These systems
use various capturing techniques, from many infrared video cameras to single-camera
systems with additional sensors to get depth information from the scene [4]. Sports motion
analysis using video analysis is accurate. However, it is expensive, necessitating exact
calibration and a tidy workstation to conduct the analysis. On the other hand, Wearable
technology is less expensive, can track real-time exertion data, does not require considerable
setup, gives accurate measurements, gathers quick and real-time feedback, and provides
physiological and physical information about athletes. In both team and individual sports,
wearable technology has been widely used [5].

Evaluating fencers’ performance during a competition or practice session could help
qualitative and quantitative studies. Fencing experts can use motion-capturing data to
qualitatively improve fencers’ attack skills and mentors to pinpoint what fencers need to
improve. By obtaining these kinds of results, the quantity and accuracy of the accessible
data may help to build new paradigms for fencing. As a result, finding the appropriate
technology to collect data becomes crucial; instrumentation is just as vital as knowing how
to conduct tests. A credible scientific analysis of these devices is needed to keep up with the
wearable sector’s exponential growth. A wearable device’s success depends on winning
the confidence of users, stakeholders, and policymakers. These recommendations can aid
in evaluating wearable sensor technologies and/or selecting suitable goods by wearable
device manufacturers, athletes, coaches, team managers, insurance companies, and other
stakeholders [6]. A quantitative description of motion can be provided by wearable technol-
ogy such as inertial systems, surface electromyography (sEMG), and accelerometers, which
can be used to track sporting activity. Motion capture systems are most commonly used
to evaluate fencing movements. The demand for wearable technology in sports science
is rising due to the integration of numerous devices into a single sensor, which enables a
more thorough evaluation of a player’s growth. As a result, our objective was to study the
available technologies for fence analysis and identify, assess, and describe them.

2. Materials and Methods
2.1. Search Strategy

A systematic search was conducted in PubMed, Scopus, IEEExplore, and Academia
from the earliest record. A literature search was performed up to June 2022. This review
was not registered. The search strategy included a combination of keywords [All Fields]:
‘fencing’ AND (technology∗) OR (accelerometer∗) OR (inertial sensor∗ OR inertial system)
OR (‘motion capture’ AND system) OR (electromyography∗ OR sEMG∗) AND (perfor-
mance AND analysis OR ‘motion analysis’ OR ‘time motion analysis’) OR (movement OR
lunge) OR (biomechanics).



Appl. Sci. 2023, 13, 1654 3 of 15

2.2. Eligibility Criteria

Studies measuring the performance of fencers during practice or contests using wear-
ables or motion capture technology were considered. The term “wearable devices” refers to
any equipment worn by fencers during practice or competition, including but not limited
to GPS, inertial motion units (IMUs), accelerometers, sEMG, and other devices. Cam-
eras, markers, and Kinect are examples of motion capture systems, whereas GPS, IMU,
accelerometers, sEMG, and other devices worn by fencers during practice or competitions
are examples of wearable technology. There were no restrictions on the nation, age, or level
of competition for male and female fencers. The analysis covered all forms of practice and
competition (whether global or regional). The research included information about any
physiological and/or biomechanical data made by wearable technology, such as but not
limited to distance measurements, velocity/speed, acceleration, deceleration, and muscle
activity. Additionally, studies that used data mining or machine learning to study footwork,
biomechanics, or data mining were included. The only full-text journal articles that may
be included were those written in English. The study excluded systematic or scoping
reviews. Two researchers independently compared the search outcomes to the eligibility
requirements (SA and MM). Disagreements were resolved through conversation.

2.3. Data Extraction

The year of publication, the type of study (longitudinal, cross-sectional), the competi-
tive level (élite, novice), the sex (female, male), the number of participants, the study design
(’experimental, pilot, observational’), the purpose of the study, the clinical scales, and the
instrumentation used were all retrieved. Additionally, data about the lab’s configuration,
the business, the model, the dimensions (bi-, tri-), the muscles, the key performance metrics,
the presence of outside stimuli, and the application of artificial intelligence (AI) or machine
learning (ML) algorithms were collected.

2.4. Data Analysis

To assess the quality of the included studies, the Mixed Methods Appraisal Tool
(MMAT) has been identified as a helpful resource for the Risk of Bias Assessment [7]. The
MMAT is a critical appraisal tool designed for the appraisal stage of systematic mixed
studies reviews, i.e., reviews that include qualitative, quantitative, and mixed methods
studies. It permits the appraisal of the methodological quality of five categories of studies:
qualitative research, randomized controlled trials, non-randomized studies, quantitative
descriptive studies, and mixed methods studies. We selected the “quantitative descriptive”
category for the present systematic review that best represented the included studies
(Table 1).

Table 1. Mixed Methods Appraisal Tool (MMAT), version 2018.

Category of Study Designs Methodological Quality Criteria
Response

Y N U

Screening questions (for all types)
S1. Are there clear research questions?

S2. Do the collected data allow to address the research questions?

Quantitative descriptive

4.1. Is the sampling strategy relevant to address the research question?

4.2. Is the sample representative of the target population?

4.3. Are the measurements appropriate?

4.4. Is the risk of nonresponse bias low?

4.5. Is the statistical analysis appropriate to answer the research question?

Y, Yes; N, No; U, Unable to tell.
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3. Results
3.1. Included Studies

The retrieved results are summarised in Figure 1. We identified 56 studies, with
35 retained for the analysis. We included as supplementary materials the PRISMA Checklist
(Table 1) and the complete table with all the included works and details (Table 2).

Figure 1. PRISMA 2020 flow diagram for new systematic reviews, which included searches of
databases, registers, and other sources.

Among the retained studies (Table 2), 25 examined the lunge maneuver, considered the
core component of fencing (Figure 2). The biomechanics of the lower limbs was assessed
in 6 studies and the biomechanics of the upper limbs in 2. Nine studies evaluated muscle
activation and coordination in the execution of the gesture.

Figure 2. Distribution of included studies according to the fencing technical gesture.
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Expert/élite fencing athletes were the significant components of research subjects
(n = 18, 51.4%), which increases the difficulty of enlarging the sample size for the recruited
studies because top athletes are always rare (range of sample size: 1 to 30 athletes). These
studies included all fencing weapons: foil, épée, and saber. Foils were addressed in
11 studies, épée in 19, and saber in 5. Most studies were experimental (n = 27, 77.1%) and
used Optoelectronic Systems standard equipment for biomechanical assessment (n = 23),
in some cases the Optoelectronic Systems were used in combination with Force Platforms
(n = 13) or surface Electromyography (n = 2).

3.2. Technological Setup and Models

Based on the results of the 35 included studies, shown in Figure 3, it emerged that Op-
toelectronic Systems (n = 23 [2,8–29]) were the most popular technological setup in the anal-
ysis of fencers, followed by sEMG technology (n = 9 [10,15,30–36], IMUs (n = 4 [10,37–39]
and markerless systems, i.e., Kinect (n = 2 [38,40]). The instrumental setups mentioned in
the included articles were produced by different companies: Vicon motion capture systems
(Oxford Metrics, Oxford, UK) consisted of a minimum of 6 cameras to 16 cameras, with a
variable number of 2 force platforms, Kistler (Kistler Instrument Corp., Novi, MI, USA).
Twenty-nine studies reported the use of tridimensional models: the most used ones were
the Calibrated Anatomical System Technique (CAST) protocol (n = 4, [8–10,24]) and Plug-
In-Gait (n = 4, [10–13]). Only one study [40] developed customized software for the Kinect
sensor to compare two movement patterns and allow data to be extracted for predictive
modeling purposes.

Figure 3. Distribution of included studies according to the technological setup and the biomechanical
model used for the analysis.

Guan and colleagues studied the biomechanical factors affecting lunge’s speed using
12 cameras, 20 anatomical markers, and 42 markers placed on the bilateral sides of the
feet, ankle, leg, knee, thigh, shoulder, and trunk. Additionally, they combined two force
platforms to show that élite fencers had greater peak horizontal center of gravity velocities
and higher peak horizontal ground response forces exerted by the rear leg than novice
fencers. The rear knee’s peak joint power, peak joint moment, and range of motion were all
higher in the élite fencers than in the novice fencers. Fencing competitors at both the élite
and novice levels showed joint flexion before anterior knee extension [14].
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Bottoms and colleagues examined the kinematics of the lunge speed using 8 cameras,
retro-reflective markers positioned in accordance with the CAST procedure, and 4 marker
cluster systems [8]. The findings demonstrate that knee flexion in the rear extremity is a
significant predictor, which suggests that the fencer sits low in their stance to generate
power during lunge [8].

Gholipour and colleagues used reflective markers placed on the foot, shank, thigh,
pelvis, trunk, and arm. Three high-speed cameras were employed, one of which captured
the markers’ entire movement and course. The software then combines the information
from the three cameras to produce the 3D coordinates; the speed lunge is calculated as the
travel distance and time of the marker placed on the iliac spine of the armed side; this was
greater for élite fencers than novice, as for the lunge distance and the trunk inclination [17].

Hassan and Klauck used an infrared device to measure the speeds of the foil, the
pelvis, the elbow, the shoulder, the knee, the ankle, the heel, and the fingers on both sides.
They calculated the maximum horizontal speed of the foil, the maximum vertical speed of
the foil, the maximum horizontal speed of the pelvis, the horizontal speed of the foil at the
time of impact, the vertical speed of the pelvis at the time of impact, and the maximum
horizontal speed of the pelvis. From the maximum value, the horizontal speeds of the
pelvis and foil slightly decrease over time. Additionally, time-varying marker curves were
computed. Depending on the subject, the horizontal direction and angle of the foil velocity
might vary by 8◦ to 20◦ [19]. The coordination of the upper and lower limbs was examined
using the hip and lunge speeds [41].

Chuanjie and Zhengwei investigated joint angle, ground response forces, knee joint
torque, and reaction force changes in the lunge movement of athletes and the causes of
the knee joint using a high-speed infrared imaging system, camera, and three-dimensional
lateral force platform [18]. Using a camera, the Peak Performance System, markers on the
fingers, heel, ankle, knee, pelvis, shoulder, knee, wrist, hand, neck, ear, and sword, Zhang
and colleagues described the biomechanics of fencing lunges. The results show that shorter
subjects have trunk flexion and a greater lunge distance when their knee angle is smaller.
For all subjects, the sword and leg moved at the same time. The sword’s speed is constant
if it has a single peak reaction time of 0.3 s, otherwise 0.5 s [21].

The capacity of the fencers to attack and defend as swiftly as possible to win a tourna-
ment is another crucial component of fencing lunge. Two force platforms, a virtual plate,
24 cameras, 5 markers scattered across the screen, and 7 markings on the sword—4 on the
bowl and 3 on the blade—were all utilized by Sorel and colleagues. Using a brand-new
lunge assault simulator for fencing that enables the investigation of parameterizable and
variable attack situations, they assessed fencer performance and reaction times under
unpredictable settings [2]. According to Gutierrez (2013), the evaluation of response time
can also be studied concerning the type of tactile or visual stimulus [23]; during a standard
lunge, the peak force is lower, the acceleration time is longer, and the simple Reaction Time
(RT), Movement Time (MT), and Reaction Response Time (RRT) are all shorter. The lunge
starts with a higher force in the rear foot and a reduced force in the anterior foot when the
target changes.

Using the CAST protocol, Sinclair and colleagues examined how the six available
Cardan sequences affected the kinematic characteristics of the joints in the lower extremities
as well as planar cross-talk in the sagittal, coronal, and transverse planes during the fencing
lunge [29]. Their findings showed that the XYZ sequence was the best suitable for accurately
representing the 3D kinematics of the leading leg during the fencing lunge. As a result,
its ongoing use was supported. To investigate whether there were any changes in limb
and joint stiffness characteristics between the sexes during the fencing lunge, Sinclair
and Bottoms collected kinematic and kinetic data from 20 élite athletes [9]. Using the
CAST protocol, kinematic information was quantified. An XYZ rotational sequence was
used to compute the kinematics of the hip, knee, and ankle joints (where X represents
sagittal plane; Y represents coronal plane and Z represents transverse plane rotations) [29].
Inverse dynamics based on Newton–Euler was also used, enabling calculation of the
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moments at the knee and ankle joints. The joint angular excursion, which represents the
angular displacement from footstrike to peak angle, and the peak joint moment were
the kinetic/kinematic parameters from the hip, knee, and ankle and were extracted for
statistical analysis.

Table 2. Analysis of the quality of studies included in the systematic review using MMAT ver-
sion 2018.

Methodological Quality Criteria

S1 S2 4.1 4.2 4.3 4.4 4.5

Said et al. [19] Y Y Y N Y Y U
Klauck et al. [20] Y N Y N Y Y U
Zhang et al. [21] Y N Y N Y Y U
Williams et al. [32] Y Y Y N Y Y Y
Gholipour et al. [17] Y Y Y Y Y Y Y
Mantovani et al. [12] Y Y U U Y N N
SuchaNwski et al. [36] Y U N N U Y N
Morris et al. [11] Y N N N Y Y N
Bottoms et al. [8] Y Y Y Y Y Y Y
Gutierrez-Davila et al. [23] Y Y Y Y Y Y Y
Gutierrez-Davila et al. [22] Y Y Y Y Y Y Y
Borysiuk et al. [31] Y Y Y N Y U Y
Sinclair et al. [29] Y Y Y Y Y Y Y
Sinclair et al. [24] Y Y Y U Y Y Y
Guilhem et al. [34] Y Y Y N Y Y Y
Borysiuk et al. [33] Y Y U U Y U N
Moorea et al. [16] Y N N N N U N
Sinclair et al. [8] Y Y Y Y Y Y Y
Kim et al. [27] Y Y Y Y Y Y Y
Borysiuk [35] Y Y U N Y U U
Malawski et al. [37] Y Y Y Y Y Y U
Mawgoud et al. [40] Y Y U U Y U U
Guan et al. [14] Y Y Y Y Y Y Y
Plantard et al. [15] Y Y Y Y Y U U
Chuanjie et al. [18] Y Y Y Y Y Y U
O’Reilly et al. [39] Y Y Y Y Y Y Y
Blazkiewicz et al. [13] Y Y Y Y Y Y Y
Mulloy et al. [28] Y Y Y Y Y Y Y
Sorel et al. [2] Y Y Y Y Y Y Y
Borysiuk et al. [10] Y Y Y Y Y Y Y
Milic et al. [26] Y Y Y Y Y Y Y
Grontman et al. [25] Y U U U Y U U
Borysiuk et al. [30] Y Y Y Y Y Y Y
Chtara et al. [42] Y Y Y Y Y Y Y
Malawski [38] Y Y Y Y Y U U

Legend: S1, S2, 4.1, 4.2, 4.3, 4.4 & 4.5 the MMAT criteria shown in Table 1; Y: Yes; N: No; U: Unable to tell.

The use of wearable sensors and/or markerless technology to acquire kinematic data
from fencers was limited to just 4 separate groups. Malawski used a 2 IMU and Kinect
to evaluate fencing gestures for a functional task [37]. IMUs were placed on the chest
and the wrist [37]. Mawgoud and colleagues collected information about the fencing
lunge using Kinect and a data mining approach to train a neural network (MLP), provide
fencers features of their movement, and enhance it over time [40]. O’Reilly and colleagues
employed 5 IMUS on the lumbar region, both thighs, and shanks to determine whether a
lunge was executed correctly [39].

3.3. Purpose and Algorithms

The studies that were included demonstrated significant heterogeneity in both the
scope of the work and the athletes studied. As shown in Figure 4, they ranged from a
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basic biomechanical analysis of fencing gestures, particularly the lunge movement, to
identify differences in athletes from various levels or categories (n = 5) and muscle patterns
(n = 6). Most studies examined the kinematics and kinetics of the gesture to understand the
biomechanics of fencing. Studies investigating training activities were rare (e.g., balance [27]
and change of direction [42]).

Figure 4. Details of the included studies comparing élite versus novice athletes about the main aim
and the presence of AI/ML Algorithms. DTW: Dynamic Time Warping; DTW-feat: a modification of
DTW which compares a series of features; SVM: Support Vector Machine; SVM-RBF: Radial Basis
Function-Support Vector Machine; K-NN: k-Nearest Neighbors; RF: Random Forest.

Bottoms and Sinclair studied the disparities between élite male and female athletes
during the épée lunge, focusing on kinetic and kinematic elements [9,24]. Their research
shed light on the causes of the different damage patterns concerning fencing among the
sexes. Indeed, their findings suggest that female athletes may be more susceptible to knee
injuries since the fencing lunge causes more knee abduction and hip adduction in females.

To portray the 3D kinematics, Borysiuk and colleagues integrated two biomechanical
models: the Plug-In Gait model for the upper body (i.e., the left and right sides of the
patient’s arms) and the CAST approach for the markers affixed to the participants’ lower
limbs (on the left and right sides) [10]. To determine the fencing assault (flèche versus
lunge) that is more effective in an actual competition, their investigation concentrated on
the metrics reflecting sensorimotor responses (RT and MT) paired with sEMG signal and
ground reaction forces.

Suchanowski and colleagues used sEMG analysis of the Rectus Femoris in both
legs and the Extensor Carpi Radialis in the armed arm to define the dynamic model of
the élite fencer lunge. They came to the conclusion that élite athletes begin the fencing
lunge by tensing the muscles in the rear lower extremity. Additionally, the anterior lower
extremity functions asynchronously, but the armed arm and rear lower extremities work
synchronously [36]. By analyzing the order of arousal in the following muscles—the Rectus
Femoris and the Biceps Femoris of the anterior leg, the Gastrocnemius muscle (medial and
lateral head) of the rear leg, the Biceps Brachii, Triceps Brachii, and the Brachioradialis
muscle of the armed arm—Borysiuk and colleagues sought to determine the dynamic
structure of the fencing lunge [33]. According to their findings, seeing and anticipating
visual inputs led to a decrease in muscle tension.

Plantard and colleagues used optical motion capture technologies with wearable
sEMG devices to study how different muscle synergies, both upper and lower body, vary
during lunge caused by visual stimulation. Two synergies were found for the lower body,
whereas 3 synergies for the upper body. The task was not as discriminating as anticipated,
despite slight changes based on whether the target was moving or not being identified
in how the muscles were synergically recruited [15]. To ascertain the connection between
muscle activation, muscular strength, and mechanical efficacy of the assault, Guilhem and
colleagues examined the coordination of lower limb muscles during a particular saber
assault (i.e., marché-fente) [34]. Their findings highlighted the importance of the rear
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extensor muscles in fencing speed performance, opening up new ideas for designing
tailored training or recovery regimens for élite competitors.

3.4. Assessment of Quality

The quality of the studies incorporated into the current systematic review was eval-
uated using the MMAT. The research topic was stated in the introduction of every study,
but less than half of them did not include a sample of the target population that was
representative of it or a statistical analysis that was suitable to address the research issue.

4. Discussion

The aim of this systematic review was to provide an overview of the motion technology
categories, biomechanical model categories, and algorithm categories that are utilized to
assist fencers in their performances.

4.1. Technological Setup and Biomechanical Models

The goal in élite sports is often to monitor, assess, and enhance performance by giving
feedback to athletes, coaches, and/or sports scientists [43]. Fencing, being a non-contact
combat sport, is characterized by the presence of rapid actions, due to defensive or offensive
actions, with possible changes of direction at a rapid pace, interspersed with periods of
start and stop. These movements typically cause injuries in fencing athletes [44]. Harmer
conducted a prospective 5-year study that showed that 52% of injuries, reported during
national competitions, were strains and sprains, 12% contusions, 3.3% fractures, and the
remainder involved injuries affecting knee joint the most [44]. The majority of injuries
(63%) occurred in the lower extremities, primarily affecting the knee, followed by the thigh
and ankle areas. The two most often affected areas above the hip were the back, notably the
lumbar region, and the fingers [44]. Performing the lunge movement correctly is essential
to prevent injuries. Speed, explosive strength, and movement coordination pattern all
significantly affect fencers’ performances [45]. According to Turner et al., coaches typically
tailor programs to a fencer’s skills, sex, and age based on their experience or personal
knowledge rather than on objective data [46]. Thus, Turner et al. argued for the creation
of evidence-based training programs that consider a fencer’s biomechanics, physiological
needs, and physiological status to prevent injuries [46].

The injury risk is influenced by different factors such as gender and category level
(élite/novice) [47]. By reporting on the influence of gender, injury rates were greater
among female fencers (29–44%, average: 36%) than among male fencers (22–32%, average:
27%) [44]. In particular, female fencers may be more prone to anterior cruciate ligament
injuries than male fencers due to an increased dynamic Q-angle caused by greater hip
adduction and knee abduction [24]. Looking at category-level differences, élite fencers
exhibit greater coordination of movement according to joint kinematics and muscle ac-
tivation pattern. Considering joint kinematics, élite fencers’ lunge movement presents
the proximal-to-distal coupling of upper and lower limb motion, which guarantees an
efficient transformation of the joint segmental angular velocity of the lower limb into
the maximal linear velocity of the center of mass. Furthermore, élites begin lunging by
extending the armed arm, activating the corresponding Anterior Deltoid, and then raising
the anterior foot. This is known as the proximal-to-distal sequence for muscle activation.
Overall, compared to novices, élite fencers showed better-coordinated muscle synergies
of the upper and lower limbs. These synergies were defined by the sequential activation
of the forelimbs and then the hip and knee extensors of the rear lower limb [45]. These
muscle synergies were characterized by the sequential activation of the shoulder/elbow
extensors of the armed upper limb and the hip/knee extensors of the rear lower limb,
followed by the activation of the anterior limb during the lunge. The élites showed the
ability to maintain this activation pattern almost invariant, despite, the changing actions
of the opponents, whereas the muscle activation patterns of the novice fencers were more
inconsistent, with frequent pauses in movement [45]. Therefore, while élite fencers can
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precisely adjust muscle activation patterns to optimize attacking (lunge) efficiency without
deviating from the “correct” kinematic pattern, novice fencers may not have consolidated
neuromuscular strategies for complex and multi-segmental movements [45]. Indeed, stud-
ies have revealed that a routine of just fencing training does not increase muscle strength
and coordination. Ballistic training is advised to increase the rate of muscular force, with
the majority of the benefits appearing in the first 200 to 300 ms of a single lunge movement.
Another crucial component of fencing is training for coordination and balance. When doing
single-leg standing activities, fencers showed improved coordination and less body sway
after undergoing focused balance training [45].

Recent developments in wearable technology enable real-time movement and load
measurements of athletes during practice and training, which was previously impossible
due to a lack of data. With such a wide range of data readily available, coaches can easily
verify training progresses according to movement and muscle activation patterns. The
key to allowing an athlete’s body to withstand the external stresses brought on by hits
that may otherwise cause collisions and injuries is the athlete’s body’s capacity to quickly
acquire movement patterns and initiate muscle activation [48]. Hence motion technologies
can provide a series of evidence-based assessments to categorize risk status, which helps
clinicians identify those athletes who are most at risk for injury, to place them on corrective
exercise programs to address their weaknesses [47]. Modern research has concentrated
on moving traditional sports science research from the laboratory to more realistic field
settings thanks to recent advancements in hardware (IMU, markerless camera, wireless
sensors), data processing, and field conditions [49,50]. Various Optoelectronic technologies
from various firms have been utilized in the included investigations. Furthermore, the
configuration setting and models used to examine the biomechanics of the gesture in terms
of the quantity and kind of devices showed a large amount of variety.

Even though Optoelectronic Systems were used in the majority of studies, there was
much variation in the laboratory setup in terms of the number of infrared cameras (1 to 24),
the presence and number of force platforms (2 to 16), and the number of markerless or
wearable devices (sEMG) that were used. We have determined that it is impossible to
compare the results because there are 28 distinct laboratory setting combinations and
15 different biomechanical models, one of which only considers the usage of sEMG with
six different combinations of muscles of interest. The outcomes of the listed research were
then examined in light of the technological setup and model they used.

Compared to marker-based techniques, markerless motion capture can do movement
analysis with fewer data gathering and processing times [51]. The two primary categories
of camera hardware can be used in single- or multi-camera systems and use either depth or
regular video cameras. Additionally, markerless techniques increase the data’s adaptability
by allowing datasets to be re-analyzed using more recent posture estimation algorithms [51].
They may even enable clinicians to collect data on patients wearing regular clothing. The
imprecision of joint center location detection and the need for advanced programming
and computer vision understanding primarily causes the slow adoption of markerless
motion capture in biomechanics [52]. Wearable technology, on the other hand, is a different
strategy that could be able to get around these restrictions. Various sensor types, such
as IMUs and microelectromechanical sensors (MEMS), which combine magnetometers,
accelerometers, and gyroscopes, have shown promising results in research analyzing sports
performance [3]. Such sensors have the advantage of being easy to install. They provide
reasonably priced measurements with great accuracy.

Surface electromyography in sports science helps examine muscle coordination, iden-
tify muscle on and off, and determine how long a muscle was engaged during an action [53].
This knowledge could be invaluable for coaches to plan individualized training for the
athletes to avoid injuries and strengthen their areas of weakness [46,53]. Studies looking
into the muscle activation pattern reported positioning the probes according to SENIAM
guidelines [54]. However, every study included in the review suggested a different way
to record muscle activity during data collecting. The Triceps Brachii, the Biceps Brachii,
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and the Extensor Carpi Radialis were the most often mentioned muscles for the upper
limb, appearing in six studies. The Anterior Deltoid has only been studied in two studies,
even though the proximal-to-distal sequence was also reported for muscle activation [55],
with activation of the Anterior Deltoid of the armed upper limb, with the extension of
the armed arm preceding the lifting of the lead foot at the beginning of lunging in élite
fencers. Eight studies out of 35 recorded the Rectus Femoris and Biceps Femoris muscle
activity in the lower limb. Two investigations included the Tibialis Anterior. Five studies
considered the Medial and Lateral Gastrocnemius. The sequential kinematic chain can be
used in numerous propelling sporting activities because mathematical modeling shows
how well this lower limb rigid body chain converts joint segment angular velocity into the
linear center of mass velocity [56].

The armed side of the body commands movement during a significant portion of
a competitive bout and training, making fencing a highly asymmetric sport [45]. The
neuromuscular system is further burdened by the unique mobility patterns of the up-
per and lower extremities and the dominant effects on kinematics and kinetics [32]. The
primary function of the human musculoskeletal system is to convert joint rotations into
linear movement, which necessitates the careful synchronization of several skeletal muscles
around numerous joints. An ideal kinematic arrangement of these joints enables successful
movement. The marker system of a protocol defines the input information that the biome-
chanical model will obtain from the capture. Each marker applied to the subject produces
an X, Y, and Z location in the capture region for each trial frame. The marker positions
must be (1) recognizable on the subject, such as bone protrusions that are either palpable
or visible on the skin, and (2) situated in a point that provides valuable information for
the model, such as close to a joint’s center of rotation or a bone segment that maintains a
measurable relationship to the location of said center of rotation [57]. The most popular
techniques for characterizing and analyzing human gait were the CAST Protocol [58] and
the Plug-In-Gait [59]; additionally, 20% of the studies did not report any specific biome-
chanical model related to the goal of the work, and another 20% of the included studies
concentrated on muscle activations.

4.2. Purpose and Algorithms

Two investigations by Sinclair and Bottoms [9,24] both looked into gender disparities.
Findings suggested that due to significantly higher hip/limb stiffness and knee moment in
female fencers, they may be more prone to overuse problems than male fencers. Numerous
investigations looked into the muscle movements involved in making the fencing motion.
Suchanowski and colleagues [36] demonstrated that muscle activation started with the
rear leg during the lunge executed by a élite athlete. According to research by Borysiuk
and colleagues [31], a competitor’s required tactical actions determine the order of muscle
arousal. The same authors later demonstrated that waiting for a visual stimulus and watch-
ing for visual stimuli reduce muscle tension because they cause a greater accumulation
of bioelectrical potentials than tactile stimulation [33]. To determine which fencing attack
would be more successful in a genuine competition, Borysiuk and colleagues analyzed two
fencing attacks (the lunge and the flèche) [10]. They concluded that the flèche generated
larger levels of EMG and ground response forces than the lunge, which improved the
explosive force and decreased the moving phase of the complete offensive motion.

Sports informatics literature pays attention to AI/ML approaches. Examples of appli-
cations that have benefited from AI classification methods include sensor-based feedback
systems [38], team-play analysis systems [39], and several pose recognition applications [41].
Less than 20% of the included studies, however (n = 6), utilized AI/ML algorithms in their
approaches, and all of them were concerned with classifying gestures in athletes, both élite
and novice, based on their kinematics (mainly lunge, n = 3) and one study either kinematics
or muscle activity.

Few researchers discuss how accelerometer-based algorithms can categorize fencing
movement. Mantovani and colleagues could categorize the basic fencing movements
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by compiling a library of movements [12]. Malawski and Kwolek proposed a single
accelerometer-based algorithm to categorize fundamental footwork in fencing [37]. With
this evidence, it can be concluded that footwork is integral to every fencing motion. They
consider it a crucial step in creating a comprehensive method and tactics analysis frame-
work. It is feasible to examine acceleration data by extracting useful properties from it.
Four separate classifiers had to be trained to comprehend fencers’ footwork. These features
were to be collected from an accelerometer put on the fencer’s knee. The classifiers were
Radial Basis Function-Support Vector Machine (SVM-RBF), Dynamic Time Warping (DTW),
DTW-feat, and linear SVM. The DTW classifier, which achieved 70% accuracy, was the
most precise [37]. O’Reilly and colleagues employed 5 IMUS on the lumbar region, both
thighs, and shanks to determine whether a lunge was executed correctly [39]. To assess
the accuracy of the lunge exercise categorization, Leave-One-Subject-Out-Cross-Validation
(LOSOCV) and the random-forests (RF) classifier with 400 trees were utilized. A set of
five lower limb IMUs may be able to distinguish between acceptable and abnormal lunge
movements with 90% accuracy, 80% sensitivity, and 92% specificity, according to research.
Based on data from three IMUs, a system’s accuracy, sensitivity, and specificity are 87%,
73%, and 91%, respectively. The classification scores with a reduced IMU set-up are compa-
rable since it is assumed that the characteristics of thighs and shanks will be similar. This
merely adds a small amount of data to improve categorization accuracy. Only employing
data from the right thigh IMU, the approach achieved accuracy, sensitivity, and specificity
of 82%, 78%, and 83%, respectively. Multi-label categorization of particular deviations is
accomplished with 70% accuracy, 70% sensitivity, and 97% specificity using data from the
whole 5 IMU setup. A 3 IMU setup may offer greater system functionality and efficiency
when compared to a 5 IMU setup, but accuracy and sensitivity are reduced by 8–10%. A
system with two IMUs did not produce good results for multi-label categorization. These
results are probably influenced by the number of classes the algorithm tries to discover.
Additionally, these aberrations are more pronounced at particular anatomical places, mak-
ing it challenging to detect them with a smaller IMU. Furthermore, these aberrations are
harder to detect with a smaller IMU setup because they are more pronounced at particular
anatomical regions. If only one IMU is employed, the characteristics will likely be less
discriminative between classes when using limited IMU setups to discover these specific
errors [39]. Muscle activity could be included in addition to the kinematic study of the
lunge to increase the discriminative power in a classification problem while maintaining a
limited IMU setup. In our recent work, we acquired kinematic and electromyographic data
on 21 élite and novice fencers during the lunge, step-forward lunge, and step-backward
lunge. We used only wearable devices to collect biomechanical data, particularly one IMU
and four sEMG probes. The IMU was placed on the lower back (on the L5/S1 vertebra).
The four sEMG wearable probes were placed, according to SENIAM recommendations,
the Anterior Deltoid and Rectus Femoris on the armed side, Logissimus Erector spinal
muscle, and Medial Gastrocnemius on the other side. Muscles were chosen following an
asymmetrical pattern, reflecting the asymmetry of the lunge gesture. The aim of the study
was to find the best ML model to classify élite and novice fencers to support fencers and
coaches during training. For this purpose, four models (MLP, SVM, RF, XGBoost (XGB))
were trained using kinematic and sEMG data. We found the best combination between
model performances and the number of principal components (k), extracted from each
biomechanical variable to classify the study population. Our results showed that the best
ML algorithm was MLP with k = 50 and a training and test accuracy of 100% and 96%,
respectively, [60].

4.3. Review Limitation

The results of this review should be interpreted with limitations in mind. The search
was restricted to four databases, though it was supplemented by hand searches and refer-
ence lists to find additional pertinent papers. This review’s findings are also constrained by
the selection of search terms and inclusion criteria, as utilizing different terms and criteria
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would have resulted in a different number of publications being included. However, similar
reviews that have been published in the past served as a guide for the search phrases and
criteria. A language bias in article selection resulted from restricting included articles
to those published in English. The quality assessment checklist was developed using a
standardized tool that was not previously mentioned in reviews of a similar nature.

5. Conclusions

Optoelectronic Systems are currently the most widely used motion technology for
fence analysis. Most studies focused on the fencing biomechanical profile during élite-level
lunge execution. However, comparisons between studies are challenging because of a need
for defined performance bands. Additionally, more wearables should be employed at the
non-élite level to develop effective training regimens that will boost performance and lower
the chance of injury. Wearable technologies are helpful resources that can assist coaches
and sports scientists in comprehending performance and making appropriate adjustments
to game strategies and training regimens. Researchers and engineers should keep creating
novel wearables to offer comprehensive data on players’ overall performance, well-being,
and safety.

Traditional biomechanical data collection suites have become more portable and
simple to deploy in field settings thanks to developments in ICT and video processing
algorithms. Furthermore, various sports-related issues have been addressed using cutting-
edge modeling and analysis technologies. These software programs frequently use Artificial
Intelligence (AI) methods. Coaches and athletes can benefit from effective data presentation
and visualization, enhancing cognitive understanding of complicated data outputs.
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