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ABSTRACT

Proprioceptive training encompasses interventions aimed at enhancing proprioceptive function to improve motor
function performance. Three types of interventions are considered: Movement Training (MT); Somatosensory
Stimulation Training (SST), and Force Reproduction Training (FRT). This study analyzes the potential of emerging
technologies, such as exoskeletons, mechanical devices, Artificial Intelligence (AI), Virtual Reality (VR), the Internet
of Things (IoT), and sensors, highlighting their application in proprioceptive therapies, with particular emphasis on
MT, SST, and FRT. A total of 107 articles published in scientific journals were reviewed, of which 30 complied with
inclusion criteria: 1) Implementation of proprioceptive intervention therapy; 2) use of technology; 3) publication
after 2019, and 4) written in the English language. Of the studies analyzed, 43 % employed Al, indicating its increasing
adoption, while IoT was the least utilized technology, with only 3 %. It is concluded that emerging technologies plays
a crucial role in proprioceptive rehabilitation by enabling the analysis of data before and after surgical procedures,
real-time pattern assessment, and the classification of sensory signals. Moreover, it offers alternatives to traditional
measurement methods.
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RESUMEN

El entrenamiento propioceptivo representa cualquier intervencion de la funcién propioceptiva que ayude a mejorar
el desempeno de la funcién motora. Se consideran tres tipos de intervenciones: Entrenamiento de Movimiento
(EM); Entrenamiento de Estimulacion Somatosensorial (EES) y Entrenamiento de Reproduccion de Fuerza (ERF).
Este estudio analiza el alcance de las tecnologias emergentes, como los exoesqueletos, dispositivos mecanicos,
Inteligencia Artificial (IA), Realidad Virtual (VR), el Internet de las Cosas (IdC) y sensores, destacando su aplicacion
en las terapias propioceptivas, con énfasis en el EM, EES, y ERF. Se revisaron 107 articulos publicados en revistas
cientificas, de los cuales 30 cumplieron los criterios de inclusion: 1) Implementacion de terapia de intervencion
propioceptiva; 2) uso de tecnologia; 3) publicacion posterior al afio 2019, y 4) redaccién en inglés. De los
estudios analizados, el 43 % emple6 IA, mostrando su creciente adopcion, mientras que el IdC fue la tecnologia
menos utilizada, con un 3 %. Se concluye que las tecnologias emergentes son fundamentales en la rehabilitaciéon
propioceptiva, al permitir el analisis de informacion antes y después de procedimientos quirargicos, la evaluacion
de patrones en tiempo real, y la clasificacion de sefiales sensoriales. Ademas, ofrecen alternativas efectivas frente a
meétodos tradiciones de medicion.

PALABRAS CLAVE: dispositivos mecanicos, exoesqueletos, redes neuronales convolucionales, terapias
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INTRODUCTION

Proprioception depends on sensory signals from muscle spindles, skin, and joint receptors. It refers to the body’s
ability to perceive limb position, detect movement (whether passive or active), and recognize the forces exerted™.
Several factors can negatively the impact proprioceptive function, including typical aging®?, sport injuries, motor
disorders®, strokes!!, or numerous neurological and orthopedic conditions such as Parkinson’s disease!®, focal dys-
tonia”, and sensory neuropathies®.. Consequently, individuals with compromised proprioception often experience
a deterioration in their quality of life. In this context and considering the critical role of proprioception in motor
control, it has been proposed that therapies targeting motor function restoration should emphasize the enhance-
ment of proprioceptive abilities. Thus, physical therapy rehabilitation is regarded as the most effective approach for
this purposel?.

In 2021, an analysis explored the potential of integrated Virtual Reality (VR) into physical therapiesi. In the year
2022, areview was conducted on strokes, their rehabilitation, and the role of robotic technology, including its adop-
tion and the barriers encountered during its implementation™.

Currently, a wide range of therapies is available to enhance the proprioceptive system, and these should be admin-
istered by specialized professionals, such as Kinesiotherapists, Physiotherapists, or Traumatologists. Treatment
modeling indicates that clinical assessment and data acquisition are followed by interpretation, which leads to
diagnosis and prognosis. For interventions, it is sometimes necessary employ specialized medical instruments,
such as goniometers, inclinometers, and scales, during evaluations™. Based on the latter, this article reviews the
literature on various methods of proprioceptive intervention and the different technologies that can support reha-
bilitation therapies. It also examines the application of emerging technologies and identifies potential niches where
these innovations could be utilized in the near future.

MATERIALS AND METHODS

This section outlines the process of gathering and analyzing relevant literature. A comprehensive search was con-
ducted in indexed scientific journals using specific parameters to ensure the quality and relevance of the selected
articles. Following the collection of articles, a detailed analysis and classification were performed based on the
following key aspects: 1) Proprioception therapies applied in the studies; 2) technologies utilized in the intervention
and evaluation, and 3) anatomical areas targeted for rehabilitation.

Literature search

The literature search for related works primarily involved scientific articles published in biomedical journals
indexes, including PubMed, Google Scholar, MDPI, Science Direct, Web of Science, and Scopus. The parameters
used in the searches included proprioception, physical rehabilitation therapy, movement training interventions,
strength reproduction, somatosensory stimulation interventions, and technology in proprioceptive therapies. The
following four criteria have been met for inclusion in the study: 1) the use of at least one proprioceptive intervention
therapy; 2) the incorporation of some type of technology; 3) publication of the study must be from 2019 or later, and
4) the information consulted must be in English language. A total of 107 articles were reviewed, of which 30 met all
the inclusion criteria.
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Analysis of parameters

To analyze the various related works according to the previously established criteria, a classification was per-
formed based on the type of intervention: Movement Training (MT); Somatosensory Stimulation Training (SST),
and Force Reproduction Training (FRT). The following categories were then considered: Artificial Intelligence (AI);
mechanical devices; Virtual Reality (VR); exoskeletons; sensors, and IoT, with each of the related works was classi-
fied into one of these categories. Finally, the focus area of the rehabilitation work is categorized into: shoulders,
arms, knees, feet, hands, gait re-education, upper limbs, and lower limbs, this serving as the third classification.
The complete flow of the literature search and parameter selection are illustrated in Figure 1.
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FIGURE 1. Search and criteria for related works.

Proprioceptive training refers to any intervention designed to enhance proprioceptive function, with the aim of
recovering motor function and performance!®. In clinical practice, there are various methods for proprioceptive
interventions, including Movement Training (MT), Somatosensory Stimulation Training (SST), and Force
Reproduction Training (FRT)"?, as shown in Figure 2. Additionally, various auxiliary technologies can be utilized at
different phases of the evaluations.
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FIGURE 2. Types of proprioceptive interventions.

RESULTS AND DISCUSSION

a) Movement Training (MT)

Movement Training (MT) focuses on improving both the active and passive movement of a person’s joints. Passive
movement involves reaching a target at a specific position, and is assessed through a positional error test to deter-
mine whether the target has been successfully reached. Active movement, on the other hand, involves moving a
body part from one position to another and assesses the accuracy of the Joint Position Sense (JPS). This assessment
is conducted by measuring the movement threshold.

The compendium of Table 1 summarizes various studies utilizing interventions based on MT. These studies suggest
the use of several technologies, including Convolutional Neural Network (CNN)®3!, mechanical devices4, Deep
Neural Networks (DNN)!5!, exoskeletons!'®), linear regression”, sensors'® and Virtual Reality (VR)!9, These technol-
ogies have been applied to different aspects of the rehabilitation or improvement of proprioceptive movement func-
tioning, such as the elbow, shoulder, knee, hip, arms, upper limbs, lower limbs, gait re-education, and body.

TABLE 1. Related works for proprioceptive interventions in MT (Continue in the next page).

Ref. Objective Input data Outcomes Category Applications
Develop a cost-efficient The MLP algorithm Elbow
system for monitoring Moti effectively classified should e’r
[13] home-based cao tilorré ROM and compensatory Al standing
rehabilitation using b movements with : hg
advanced technologies accuracy in 89 % upright
Evaluate the validity and
reliability of deep
learning-based motion DeepLabCut show a
capture, such as Motion similar performance to
[20] DeepLabCut, for - Al Knee
X 4 capture that of Vicon to measure
proprioception knee position
assessment compared to p
the gold-standard 3D
optoelectronic system
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TABLE 1. Related works for proprioceptive interventions in MT (Continue in the next page).

Ref. Objective Input data Outcomes Category Applications
Validity OpenPose for Motion OpenPose showed higher
knee range of motion capture ICC and narrower 95 %
[21] assessment after TKA ima pes and limits of agreement for Al Knee
against radiography and E€S, ROM extension than
goniometry goniometry goniometry
Develop a computer
vision-based method for GaitPoseNet
real-time gait detection demonstrated a good Al .
[22] in patients using Images percentage of correct Exoskeleton Hip, knee
rehabilitation keypoints, 95.77 %
exoskeletons
. . Lower [imb
%larrilégg lg‘ggglrllg]ﬁs proprioception in SCA3
Proprioceplic _ patients was significantly | Mechanical .
[17] correlation with clinical Sensors mpaired compared to device Lower limbs
characteristics in SCA3 p b
patients the healthy control
group, p < 0.05
. The proprioceptive
proprioceptive xercises exercise program
[14] on disease activity in Sensors 1mproc\1/§§11:nk1§ tﬁilr?mon M":jcéﬁgécal re-eglfclgtion
postmenopausal women £8 1
with RA postmenopausal women
with rheumatoid arthritis
Develop a framework for Experimental results
3D user pose estimation show that the proposed
[23] from egocentric videos, Video framework significantly Al Body
utilizing proprioception outperforms state-of-the-
as a key signal art methods
Evaluate shoulder The results showed
proprioception after significant improvement
reverse shoulder in shoulder Mechanical
[24] arthroplasty for Sensors proprioception at 3, 6, device Shoulder
irreparable humeral and 12-months post-
fractures surgery
The objective is real- DeepRehab uses
time, on device ResNet101, enabling
rehabilitation more precise keypoint
[25] assessments, overcoming Images identification, Al Body
the limitations of existing particularly in the lower
models such as PoseNet limbs
. . The exoskeleton
Develop a stimulation improved gait training in
approach to assess the stroke patients
[26] performance of the Sensors enhancing kinematics, Exoskeleton Gait
rehabilitation : . re-education
. proprioception,
exoskeleton designed by boli d 1
the authors metabolism, and muscle
activation
Evaluate the feasibility of .
predicting the KAM using Wﬁﬁl\g;;naziggglﬁggl
[27] anatomical landmarks Video NN (::1 d g d g Al Knee
that can be obtained a WV and video-base
. - landmark positions
from 2D video analysis
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TABLE 1. Related works for proprioceptive interventions in MT (Continue from previous page).

Ref. Objective Input data Outcomes Category Applications
Propose a deep learning The framework generates
framework for movement quality scores
[15] | automated evaluation of Kinect v2 with 87 % accuracy, Al Body
rehabilitation exercise closely matching actual
quality quality scores
Introduce an innovative .
and user-friendly system Results in healthy
using M-IMI}IS fs(,)r subjects show that the
[28] evaluating and Sensors \gﬁ giﬁ; i ﬁ g&se{,;[i% glse Sensors, VR Arms, knee
rehabilitating patients captures the sub'ect};
with proprioceptive b attention )
disorders
Develop a real-time 3D Experiments showed the
proprioception system Motion methods high accuracy in
[29] for soft bodies using capture 3D shape detection (dH: Al Body
computer vision and P =1 mm, relative error: <1
deep learning techniques %)
Evaluate the effect of VR- er{/?;esrfggghg{[vflzdf;n
basgq proprioceptive effectively improve Mechanical Postural
[19] training on postural Sensors ostural stability and device, VR stabilit
stability in workers b reduce fall rislz n ’ y
performing task at height workers at height
Develop and assess a Significant effects were
low-cost, portable observed for absolute
[30] system for measuring Sensors error in 15-25° and 35- Sensors Knee
knee proprioception 45°, and for variable
using inertial sensors error in 35-45°
Investigate whether Reward feedback
reward feedback can reduced visuo-
generate a lasting Handle of proprioceptive errors but | Mechanical
[31] recalibration of vision the robotic - . : Arms
. . . did not improve device
and proprioception manipulator retention compared to
compared to error X
feedback error-based feedback
. . The study found that
Dﬁgzr:;l:nﬁhse lenelgicnt dOf Handle of faster speeds and longer Exoskeleton
[2] . peec and the robotic distances increased > | Upper limbs
distance on upper limb in . : - . VR
manipulator | proprioceptive error in
young and older adults both groups

The reviewed studies highlight a growing focus on the application of Al-based technologies, particularly
Convolutional Neural Networks (CNN) and Deep Neural Networks (DNN). These technologies process input data
from videos, images, or motion capture systems to generate 2D or 3D kinematic models?9, enabling precise digi-
tization and mapping of the human body structure. This capability has proven valuable in evaluating parameters
such as range of motion (ROM), achieving accuracies of 89 % and a Mean Per Joint Pose Error (MPJPE) of 57.4 %. In
certain instances, these tools are specifically designed to assess the accuracy (95 %) of keypoint detection used by
Al to estimate human posture or, alternatively, to classify movement patterns. On the other hand, the second most
commonly used technology was exoskeletons. Their primary advantage lies in the integration of mechanical com-
ponents, sensors, actuators and, in many cases, proprietary software, which allows the unification of these ele-
ments in a single device. Notable examples include KINARM, with an approximate commercial value of $ 189,000.00
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USDBY, and BEAR-H1, which is currently under development??). Compare the performance of the exoskeleton with
Al models, highlighting that significant discrepancies continue to exist between these technologies??. Specifically,
the reported activation values were as follows: left hip (4.8); right hip (8.36); left knee (11.89), and right knee (17.75).
Other studies focus on muscle activation, enhancing movement though targeted exercises, which improved the
proprioceptive sense from 11.6 to 37.8%¢,

In contrast, while mechanical devices can be costly, they are generally user-friendly. Some options available on the
market include, for example, the Pro-Kin priced at approximately $ 22,499.00 USD'"”, and the Human Norm II with
an estimated cost of $ 79,995.00 USD®4; these devices provide users with specialized tools that enable them to tar-
get specific areas and address deficiencies, such as those associated with total shoulder arthroplasty, Spinocerebellar
Ataxia (SCA3), Rheumatoid Arthritis (RA), among other conditions. The studies analyzed include proprioception
assessments utilizing these devices, reporting a range of results. Notable findings include significant values of p <
0.005, reductions in the Disease Activity Score (DAS) from 4.7 to 4.2'4, and improvements in the ROM of the treated
areas, with an average of 31.1° + 2.0, p = 0.72.

VR technologies are often integrated with recreational games?®, enabling users to perceive rehabilitation pro-
cesses not as monotonous exercises, but as engaging activities. As games, these systems foster motivation, encour-
aging users to consistently improve and gradually progress in their recovery. The results of the reviewed studies
indicate faster proprioception recovery in the affected areas. Another application of these systems involves their
integration with external devices, such as balance platforms, to measure postural stability". This integration
allows for the acquisition of parameters such as the Center of Pressure (COP) and the evaluation of postural stability.
In this regard, the use of sensors such as M-IMU is a low-cost alternative compared to exoskeletons and mechanical
devices. The authors employed elastic bands positioned in areas requiring proprioceptive evaluation®®. This tech-
nology facilitates the measurement of absolute and relative error, demonstrating significant effects in flexion and
abduction movements within the ranges of 15° - 25° and 35° - 45°.

Categories, their primary applications, and input data were analyzed and represented in a network diagram (see
Figure 3). Node sizes vary, indicating the relative importance or frequency of the use of each term.

1 Kinect v2: 1 Node type
R trace 0
: Category
Elbow: 1 Body: 4 ]
o AL 14 O tnput
“~Motion capture: & Hip: 2 @ Applications

 Videe:

1ding upgright: 1 ~ E w 2 5
0.5 o ) - O Images: 6
mametrykg'ee_ 9/ b
o 2
Shoulder: 2
0 @ \

Sensors: 7

— VR:3
0.5 Lower limb: 1- O ~ - . H‘d\e of the robotic manipulator: 3
o | F

Mechanical device: 4 _ O - Arms: 1
ke e

Exoskeleton: 4

Gait re-education: 2 |
OFnstura\ stability: 1
] Upper limb: 2

0.5 0 0.5 i

FIGURE 3. Network of related works in MT considering Category, Input data, and main Applications.
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Rehabilitation therapies for MT revealed a predominant trend toward the adoption of Artificial Intelligence (AI),
with 14 studies focusing on this approach. In contrast, niche opportunities were observed in the use of sensors,
featured in one study, and Internet of Things (IoT) devices, which were not addressed in any study. In terms of input
data, sensors were the most frequently employed, appearing in seven studies, followed by images and motion cap-
ture, each utilized in six studies. Regarding niche opportunities, robotics were the focus of three studies, while
traditional devices were addressed in one study. Finally, trends in applications primarily targeted the knee (nine
studies) and the whole body (four studies), whereas niche applications included standing upright and the elbow,
with one study each.

b) Somatosensory Stimulation Training (SST)

Somatosensory Stimulation Training (SST) involves the application of a variety of methods, including vibrations,
thermal stimulation, magnetic stimulation, electrical stimulation, or acupuncturel3?i33!, To assess somatic proprio-
ceptive sensitivity, evaluations usually consist of skin tests; for example, graphesthesia, which measures the ability
to recognize handwriting on the skin, is assessed by having the patient blindfolded while the examiner writes num-
bers or letters on the palm of the hand or on the fingerprints using a relatively blunt instrument. Another example
is the assessment of paresthesia, which involves evaluating abnormal sensations such as tingling or burning in the
absence of specific stimuli, this evaluation is conducted through laboratory tests and physical examinations34.

The technology employed for somatosensory stimulation is less varied compared to MT and typically includes
electronic modules, exoskeletons and mechanical devices. These are commonly used elements in SST. Table 2 pres-

ents some related works associated with this type of intervention.

TABLE 2. Related works for proprioceptive interventions in SST (Continue in the next page).

Ref. Objective Input data Outcomes Category Applications
The sensory
training
Introduce and validate a _ significantly
new portable device improved two-
[35] for sensorimotor Electromyography point IoT Arm
rehabilitation, combining discrimination
MT and SST (TPD) on
stimulated skin
(p=0.047)
Models optimized
Investigate how the for limb
proprioceptive pathway kinematics tasks Al
[36] | processes muscle spindle Muscllillfgléle letal best predicted Mechanical Shecl)g(l)(il/\?r,
signals to support various neuronal activity device
computational objectives in the cuneate
nucleous
ectonal
proprioceptive system’s were found only in
role in action M loskeletal dels f p
[32] recognition, beyond its usculoskeleta models for action Al Arm
>, ’ o model recognition, not in
traditional function in those £
representing bodily Ose for
posture trajectory
decoding
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TABLE 2. Related works for proprioceptive interventions in SST (Continue from previous page).

Ref. Objective Input data Outcomes Category Applications
The results
Evaluate the accuracy of showed over 90 %
perceiving different Interpretation accuracy in Mechanical
[18] aspects of artificial of subjects’ recqgmzlil_g %C anica Forearm
proprioceptive feedback responses pz(())lr);;o; r?gnltcs)n evice
using a vibrotactor array during single and
dual tasks
Seventy-three
percent of stroke
Determine whether non- participants
visual proprioceptive Handle of responded to the
[37] Lraining can improve the robotic 2-day Exoskeleton Wrist
sensorimotor function in isulat somatosensory
individuals who have Mmampuiator training,
suffered a stroke improving wrist
proprioceptive
acuity by 30 %
Present a new
. The study found
standardized the platform easy
psychometric platform to use and
[38] for collecting data on Software valuable for Software Arm, hand
somatosensory sensing electrical
sensations evoked by timulat Ffoct
neuroprosthesis stimulation ettects
Determine whether
combining advanced and The study
conventional showed a 43 %
rehabilitation therapy is improvement in
more effective than proprioceptive Mechanical .
[39] treadmill training for Sensors, software sensory changes device Lower limb
improving through
proprioception and multisensory
balance in subacute training
stroke patients

Mechanical devices utilized in SST play a crucial role in rehabilitation by integrating advanced sensors capable of
measuring and adjusting the patient’s responses. Researchers combined IA with mechanical devices to investigate
how proprioception processes signals from the muscle spindle®. This approach has resulted in the development of
optimized models for kinematic tasks involving the upper limbs, achieving a 40 % increase in Explained Variance
(EV). Other studies combined mechanical devices with strategically placed sensors for targeted evaluation®.
Vibratory stimulations were subsequently applied to the muscle spindles, with sensors capturing and analyzing the
emitted signals. By processing this data, the ROM was measured with 99 % accuracy, and the JPS with 91.7 %.

AT has the potential to significantly enhance somatosensory training by providing personalized and adaptive feed-
back. In the reviewed studies, Al was employed to generate a dataset representing the proprioceptive trajectories of
characters, neural networks models were designed and trained, achieving accuracies of 97 %. Furthermore, the
Temporal Convolutional Network (TCN) demonstrated superior performance, with an accuracy of 98.86 % 132,

Today, it is possible to construct devices that utilize electronic modules, microcontrollers, or microcomputers
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(such as, ESP32, Arduino, Raspberry Pi) to combine motor training with pattern recognition and myoelectric sig-
nals. These devices employ training sensors to transmit data, enabling the integration of output devices such as
screens or monitors. The advantage of these technologies includes their low energy consumption and cost.
Integration with other open source tools is usually simple, and the materials used for construction allow for flexible
shaping and adapting different projects, ensuring ease-of-use based on specific needs. Research highlights wear-
able devices that integrate MT and SST with rehabilitation therapiess!. The analysis demonstrated that propriocep-
tive exercises with these devices significantly improved Two-Point Discrimination (TDT) in the stimulated areas,
achieving a p-value of 0.0021.

Exoskeletons, such as the WristBot, with an estimated market value of $ 17,831.00 USD7, play a central role in
studies investigating the efficacy of non-visual proprioceptive training in improving sensorimotor function among
stroke survivors. The device facilitates movement execution through handle manipulation, effectively stimulating
and enhancing sensorimotor function. Results indicate that 73 % of participants achieved a 30.2 % reduction in
difference threshold and an average 22 % decrease in tracking error. A key advantage of the WristBot lies its all-in-
one design, integrating essential components for regular measurement, analysis, and therapy evaluation based on
the targeted body area. However, a notable limitation is its substantial size, which necessitates considerable space
for installation. Figure 4 illustrates the relationship among the proposed technological categories, input data, and
SST applications in the reviewed studies.

0.3 IA.:ghuulder: 5 IoT: 1 MNode type
s L] trace 0
ow:
Category
o @ \ Electromyography: 1 5 Input
= 3 o
E)mskel.etcn: 1 Musculoskeletal model: 5 : @ Applications
Al 1 Arm: 3
[

0.1
1e robotic manipulator: 1
o

0

Wrist: 1
o 1
Mechanical devigafgvare: 3
0.1
hand: 1
| °
0.2
sengptOWEr limb: 2
Interpretation: 1
04 o
o Foreapm: 1
o
1 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6

FIGURE 4. Network of related works in SST considering Category, Input data and main Applications.

A clear trend emerges toward the use of mechanical devices, which account for a total of five studies, while emerg-
ing low-cost niches such as IoT are represented by a single study within the technological categories. Additionally,
musculoskeletal models, featured in five studies, emerged as the preferred type of data input, closely associated
with mechanical devices. These are followed by proprietary software, utilized in three studies. Opportunities for
further exploration were identified in the use of electromyography tests, which were featured in only one study.

Finally, the majority of on SST primarily focus on applications involving the arms, elbows, hands, and wrist.
However, a notable gap remains in research addressing the lower limbs.
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¢) Force Reproduction Training (FRT)

Tension and strength are commonly used to measure proprioception and are often evaluated during Force
Reproduction Training (FRT). Contralateral limb matching has become the preferred method for assessing force
reproduction. This method usually involves applying the Maximum Voluntary Isometric Contraction (MVIC) mea-
surement force and attempting to replicate it. The coincidence forces can occur either in the same limb or in the
contralateral limb®?, Within the clinical environment, the dynamometer (such as grip, hand, or traction dynamom-
eters) is the most commonly used device for conducting force reproduction assessments!. In this context, emerg-
ing technologies utilized to assess FRT predominantly include exoskeletons and mechanical devices, has gained
popularity in recent years. The main advantage of these technologies is their ability to evaluate multiple areas of
the body with a single device. However, their main disadvantages are the high costs of acquisition, maintenance,
administration, and the space required for their use. Table 3 presents a selection of studies focused on FRT.

TABLE 3. Related works for proprioceptive interventions in FRT

Ref. Objective Input data Outcomes Category Applications
Investigate the Stroke participants
relationship between Handle of the | had greater errors and Mechanical
[5]1 | proprioceptive deficits and robotic variability in the device Arm
motor functions in chronic manipulator passive position
stroke survivors matching test
Incorporating
. . proprioceptors
ieseasimultion enhances Smiaton
[42] limb model with CNS Images realism and enables Software Leg
signals and proprioceptive more accurate
feedback analysis of human
movement
mechanisms
Simulations and
Develop a bionic knee joint experiments validated
structure based on the NTZNN
[43] tensegrity for high- Images controllers’ IA Knee
efficiency rehabilitation performance and
knee exoskeleton noise resistance in
noisy environments
Evaluating the ML and DL models
effectweness of ML apd DL Handle of the outperformed the
[16] methods in detecting robotic traditional cutoff IA, Upper limb
stroke presence using - ) . . exoskeleton pp
Kinematic data from a manipulator scoring techmqug in
robotic APM task stroke classification
Investigate how gender Women are more
and grip types affect the accurate or consistent Electronic
[44] accuracy of grip force Dynamometer in detecting pinch device Finger
reproduction in healthy force changes than
individuals men

Alis revolutionizing strength training by integrating with technologies such as computer vision and wearable sen-
sors to enhance proprioception. Recent studies highlight the use of neural networks (NN) combined with biome-
chanical devices to improve knee tensegrity!#3!, These studies involve torque testing and represent various rehabili-
tation states (-40 N, -150 N, or 0 N), achieving improved knee flexion in older adults, with ranges reaching 130°-140°.
Another study demonstrates the use of Al in conjunction with exoskeletons, focusing on a robotic arm that assists
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patients in performing kinematic movements®. The data is processed by a DNN, comparing technological applica-
tions against traditional methods. The DL models outperformed conventional cut-off scoring techniques for stroke
patients, achieving an accuracy of 86 % and a logistic regression score of 86.6 %.

It should be emphasized that the visualization of information in a user-friendly and comprehensible manner is
crucial in the development of technologies, as it facilitates the rapid integration of processed data from sensors, Al,
and mechanical devices. Among the reviewed works, a framework stands out that simulates a musculoskeletal
model of the lower limbs, processing signals from the nervous system!?. This study performs a Golgi evaluation,
enabling the detection of force tensions ranging from 0.4 N - 7.2 N. The ability to present this data clearly and acces-
sibly is essential for accurate interpretation and decision-making in applications related to proprioception and
strength training. In this regard, dynamometers have undergone significant evolution through the integration of
advanced technologies such as digital sensors, wireless connectivity, and proprietary software, enabling more pre-
cise measurements and real-time force analysis. Research has concentrated on using these devices to measure
pinch strength in older adults, particularly to assess MVIC in both men and women!4. The findings suggest that
women exhibit greater accuracy and sensitivity in detecting changes in pinch strength compared to men. This dif-
ference may have important implications for designing proprioceptive training programs and strength assessments
tailored to specific populations.

Figure 5 illustrates the relationship among the suggested technological categories, the processed input data, and
their main applications across different areas of the body. This visual representation reveals how different technol-
ogies, including Al, electronic devices, exoskeletons, and software, interact with the data generated by the body
during exercises. Additionally, it details how each technology is applied to specific areas, enabling a more precise
and personalized analysis of strength.

Exoskeleton: 1 Node type
0.4 ® Mecanical Device: 1 trace 0
- @ Category
Input
o3 %) Aplicatiurls
Hand®-of the robotié manipulator: 3 il

0.2
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FIGURE 5. Network of related works in FRT considering Category, Input data, and main Applications

Studies focused on improving proprioception in strength training remain limited, although there is a growing trend
in the use of AI. However, VR represents an area of opportunity that remains underexplored. The primary sources
of data input in the studies derive from robotic devices, which enable real-time measurement and analysis of forces
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and movements. The applications identified in the studies mainly focus on the upper extremities, including the
fingers and arms, as well as the knees and legs—key areas for enhancing proprioception in strength training.

d) Gaps and limitations detected
Emerging technologies applied to proprioceptive rehabilitation exhibit significant potential. However, it is essen-
tial to recognize their current limitations and take proactive steps toward addressing these. Several studies have
identified the following gaps:

» Al Despite being the most widely used technology, there is a need to improve the accuracy of various ele-
ments, such as classification, keypoint detection, ROM, JRE and MAE

» Exoskeletons: while showing promise for rehabilitation and the improvement of proprioception, they tend to
be costly, limiting their accessibility for many users. Additionally, their size and weight can make them chal-
lenging to use in certain environments or for specific patients, especially those with reduced mobility. The
setup and operation of these devices may also require specialized personnel and increases complexity and
operational costs, rendering their implementation in low-budget clinical or rehabilitation settings more dif-
ficult

» Mechanical devices: It is necessary to reduce the cost of these devices, as they are effective for specific needs
but require a broader range of applicable situations

* VR: users with ophthalmic issues may experience difficulties when using VR devices, as these can affect
vision or exacerbate certain visual conditions. The majority of studies utilizing VR employ games, prioritiz-
ing patient-friendliness rather than increasing the difficulty of movement

» Sensors: although these devices are typically low-cost, they require the support of the remaining technolo-
gies to perform proprioceptive assessment. Examples include actuators, elastic bands, microcontrollers, Al,
and proprietary software, among others

Based on the aforementioned analysis, the gaps and limitations identified in MT, SST, and FRT indicate that,
despite the existence of various supporting technologies, further work is needed in real-world validation, particu-
larly with patients who have diverse conditions and needs. While these technologies have applications across dif-
ferent parts of the body, the reviewed studies highlight limited research in key areas such as the fingers, wrist,
ankle, hip, and elbow. These underexplored body areas present an opportunity to expand the application of these
technologies in proprioceptive rehabilitation and training.

e) Challenges
Despite technological advancements across various fields, continuous improvements are essential in each of the
emerging technologies identified. The main challenges include:

1. AI: enhancing the precision of its algorithms, exploring different techniques, and reducing the amount of
information required to generate the dataset
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2. Exoskeletons, Mechanical devices, and VR: principally focusing on reducing costs, improving ergonomics, and
refining their design
3. Sensors: focusing on improving accuracy, simplifying calibration and configuration processes, and reducing
energy consumption

Thus, the challenges for MT, SST, and FRT may lie in the integration of multiple technologies, such as AI with sen-
sors or electronic devices with software. The goal is to reduce the costs associated with more complex solutions,
such as exoskeletons, mechanical devices, or VR.

f) Trends

As illustrated in Figures 3-5, IA is a contemporary approach that addresses various proprioceptive interventions
from multiple perspectives, proving to be particularly useful when budget constraints are present by offering a wide
range of solutions. On the other hand, home devices (computers, telephones, tablets) are accessible tools that are
capable of processing substantial amounts of information, making the use of artificial vision algorithms (CNN,
DNN) feasible for image processing. It is evident that current technological access, combined with the ease of acqui-
sition and integration with smart tools, facilitates the development of low-cost solutions that do not require special-
ized spaces or complex structures, this presenting a promising area for future exploration.

IoT can make communication possible among devices developed by different teams, storing information in the
cloud, and constantly generating data regarding the use of the device. This opens a world of possibilities for com-
munication among different device architectures that were initially incompatible or designed for a single purpose.

CONCLUSIONS

This article aims to provide an overview of emerging technologies and their applications within proprioceptive
training. There is a significant opportunity for growth in MT, SST, and FRT, as the studies presented are limited,
underscoring the need for more in-depth exploration. It is recommended to conduct comprehensive analyses of
each type of rehabilitation therapy, focusing on specific areas of application (e.g., arm, leg, hip) or particular tech-
niques (e.g., ROM, JPS, JRE). This approach will enable a more focused and detailed examination.

Technology has been employed to enhance proprioception in various ways, encompassing both the pre- and post-
operative periods. In the field of MT, studies have been conducted to assess various aspects of mobility, such as
Range of Motion (ROM), Joint Position Sense (JPS), Joint Reproduction Error (JRE), Percentage of Correct Keypoints
(PCK), Mean Absolute Error (MAE), Knee Adduction Moment (KAM), and Center of Pressure (COP). A similar
approach is observed in SST, where Two-Point Discrimination (TPD), accuracy, and usability have been evaluated.
Last, FRT evaluates the absolute error, knee torque, and Maximum Voluntary Isometric Contraction (MVIC). All of
these studies employed various emerging technologies applied to different areas of the body.

Alis a key technological trend that complements other technologies in rehabilitation therapies. Due to its cost-ef-
fectiveness, ease-of-implementation, and flexibility, Al is increasingly adopted in therapies such as Movement
Training (MT), Somatosensory Stimulation (SST), and Force Reproduction Testing (FRT). Al is utilized for tasks
such as posture classification, keypoint detection, signal and pattern analysis, recognition, and correlation detec-
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tion. In addition, when adequate space and budget are available, mechanical devices, exoskeletons, or virtual real-
ity can serve as a viable and effective alternative, tailored to the specific needs of each patient. Thus, devices that
operate with IoT or sensors are presented as a low-cost alternative that must be integrated with other technologies
to serve as a viable solution for proprioceptive rehabilitation.

It is possible to affirm that emerging technologies currently play a crucial role in Medicine. They serve as a support
throughout various stages of rehabilitation therapies, allowing for the development of modern and innovative alter-
natives that enhance and elevate an individual’s quality of life.

It can be concluded that there currently exists a greater technological demand oriented towards MT, followed by
SST and finally FRT. The review found that multiple factors must be assessed when selecting the appropriate sup-
port technology for rehabilitation, including: the type of intervention required (MT, SST, or FRT), input data, appli-
cation, rehabilitation site (clinic or home), budget constraints, available space (suitability and adaptation of the
area), and whether specialized supervision is needed. Therefore, the final selection will depend on what the user
can afford and the specialist’s recommendation.
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