
Article Not peer-reviewed version

Assessment of Elbow Proprioception

with Inertial Measurement Units-Validity

and Reliability Study

Szymon Stupnicki * , Grzegorz Mulski , Łukasz Żytka , Jakub Kaszyński , Cezary Baka , Bartłomiej Lubiatowski

, Przemysław Lubiatowski

Posted Date: 12 September 2025

doi: 10.20944/preprints202509.1078.v1

Keywords: inertial measurement units; proprioception; joint postiton sense; elbow;motion analysis

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/4702147
https://sciprofiles.com/profile/4706443
https://sciprofiles.com/profile/2709133
https://sciprofiles.com/profile/2709134
https://sciprofiles.com/profile/3021061


Article 

Assessment of Elbow Proprioception with Inertial 
Measurement Units- Validity and Reliability Study 
Szymon Stupnicki 1,2,*, Grzegorz Mulski 1,2, Łukasz Żytka 1,2, Jakub Kaszyński 1, Cezary Baka 1, 
Bartłomiej Lubiatowski 3 and Przemysław Lubiatowski 1,2 
1 Rehasport Clinic, 60-201 Poznan, Poland 
2 Sport Trauma and Biomechanics Unit, Department of Orthopaedics, Traumatology and Hand Surgery Department, 

Poznan University of Medical Sciences, 61-545 Poznan, Poland 
3 RSQ Technologies, 61-737 Poznan, Poland 

* Correspondence: author: szymon.stupnicki@rehasport.pl 

Abstract 

Background: Inertial measurement units (IMUs) represent a relatively new and promising method 
for motion analysis. Their main advantages include small size and portability, combined with the use 
of advanced technologies. To date, few studies have investigated the application of these devices for 
proprioception assessment, and none have focused specifically on the elbow joint. Therefore, the aim 
of our study was to assess reliability and validate the protocol of elbow proprioception evaluation 
using inertial motion sensors. Methods: Twenty healthy participants underwent active and passive 
proprioception assessments based on joint position sense (JPS). Two researchers independently 
performed evaluation. Analyzed data was error of reproduction of joint position (ERJP). IMU (RSQ 
Motion sensors) were used for angular joint position assessment and validated against Biodex System 
4. Results: Inter-rater reliability for passive proprioception was good, with a Kendall’s coefficient of 
0.77 (p < 0.05) for both RSQ Motion sensors and BIODEX, while active proprioception measured with 
RSQ Motion sensors showed slightly lower reliability (Kendall’s coefficient of 0.66, p < 0.05). Intra-
rater reliability had similar results, with Kendall’s coefficients of 0.74 for passive BIODEX 
proprioception examination, 0.75 for passive RSQ Motion sensor testing and 0.65 for active 
proprioception (p < 0.05) measured with RSQ Motion sensors. Bland-Altman plot revealed equal 
distribution of results, which were within the limits of agreement (LoA). Conclusion: These results 
suggest proprioception assessment by JPS using inertial motion sensors is reliable and valid. Easy to 
use, light, portable, and inexpensive alternative for proprioception assessment, although further 
research in diverse clinical settings is needed.

Keywords: inertial measurement units; proprioception; joint position sense; elbow; motion analysis 

1. Introduction

Proprioception is a crucial sensory function that ensures precise and coordinated human body
movements. It allows individuals to perceive the position of their body parts in space and to integrate 
this information for accurate joint positioning and motor control [1,2]. This function is especially 
critical for athletes, where a high level of proprioception is needed for supreme performance [3,4]. 

Our research focuses on proprioception and novel methods of its assessment. It is well 
established that proprioceptive ability can be enhanced through targeted training or surgical 
restoration of function [3–12]. 

Conversely, it may be impaired by joint instability or surgical procedures with a significant 
degree of trauma [8,13–16]. These findings highlight the importance of prioritizing proprioceptive 
recovery during rehabilitation and minimizing unnecessary tissue damage whenever possible. 

In addition to restoring range of motion, strength, and endurance, clinicians should place equal 
emphasis on the recovery of proprioception to ensure optimal performance and safety—particularly 
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when patients are expected to perform complex movement patterns. The risk of re-injury is 
significantly higher following an initial trauma or surgery, especially in the early stages of recovery. 
At this stage, monitoring proprioception is essential, helping clinicians determine whether an 
individual is ready to return to sports or daily activities. A high level of proprioceptive function 
suggests that a patient is better prepared to resume physical activity safely, thus reducing the risk of 
further injury [17,18]. 

Beyond orthopedics and sports medicine, proprioception also has important implications in the 
field of neurology. Deficits in proprioception are frequently observed in patients with central nervous 
system disorders, such as cerebrovascular stroke and Parkinson’s disease [19–23]. In these 
populations, proprioceptive training and assessment have been shown to improve motor function, 
emphasizing the relevance of proprioception in neurorehabilitation [24,25]. 

Assessing joint proprioception remains a challenging task, as it is the case with most sensory 
functions. It involves a subjective component based on the patient’s own perception [1,2]. One of the 
key concerns is the selection of an appropriate device to evaluate joint position accurately [26,27]. 
Even small discrepancies are clinically relevant; therefore, the measuring device should be minimal, 
lightweight, portable, and—most importantly—precise. 

We have explored a novel approach to body motion analysis through the application of inertial 
measurement units (IMUs). These devices integrate subcomponents of: accelerometer, gyroscope, 
and less commonly magnetometer. IMUs utilize advanced mathematical algorithms, such as the 
Kalman filter, to provide real-time angular positioning of joints [28,29]. Compared to widely used 
systems like the BIODEX, IMUs (e.g., RSQ Motion sensors) offer several advantages, including 
enhanced portability, smaller size, and reduced cost—making them more accessible for use in clinical 
practice. 

Methodology in proprioception research must be reproducible. One of the most common 
approaches involves the assessment of joint position sense and the accuracy of its reproduction by 
the patient. Although several methods have been described in the literature, few have undergone 
thorough validation and verification in elbow joint [26,27,30] Our research group has extensive 
experience in proprioception assessment and, in previous studies, we have confirmed the accuracy 
and utility of single IMU devices for measuring shoulder and hip motion [31–33]. 

Therefore, the purpose of this study was to assess the reliability of a protocol for evaluating 
elbow proprioception using inertial motion sensors and to validate the use of these sensors in 
comparison with a well-established, reference device—Biodex dynamometer [34]. 

2. Materials and Methods 

2.1. Participants 

Twenty healthy adult volunteers were recruited for the study. None of the participants had a 
history of upper extremity trauma or surgery. Additionally, they reported no symptoms related to 
the elbow or any other musculoskeletal complaints within the 12 months preceding the evaluation, 
and no neurological conditions were present. To eliminate any potential learning effect on the results, 
all participants were unfamiliar with the proprioceptive assessment procedures prior to the study. 

2.2. Instrumentation 

The complete setup for proprioception testing included two systems: 

1. RSQ Motion IMU sensors (RSQ Motion, RSQ Technologies, Poznań, Poland), and 
2. BIODEX System 4 (Biodex Medical Systems, 49 Natcon Drive, Shirley, New York), considered 

the gold standard for comparison. 

IMU (Inertial Measurement Unit)—RSQ Motion: 
This system comprises the following components: a motion sensor, an elastic band for sensor 

stabilization, a handheld clicker used by the participant to indicate perceived joint position, and a 
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mobile device (tablet) connected via Bluetooth to both the sensor and the clicker for real-time data 
collection (Figure 1). The device has an angular measurement accuracy of 0.15° [31]. 

 
Figure 1. a) Inertial motion sensor (RSQ Motion) and clicker charging box, b) sensor fixed by elastic band, and 
c) clicker pressed by participant to signalize angular position. 

BIODEX System 4: 
The Biodex System 4 is a comprehensive system consisting of a stable frame, main drive unit, 

adjustable chair, and computer interface [34]. It is primarily designed and well evaluated for 
isokinetic strength testing but also offers reliable angular position measurement and a controlled 
motion environment. The previous generation of this device has been validated for all these purposes. 
[35]. Besides isokinetic testing protocol, it has passive proprioception testing protocol, which was the 
subject of our work. The manufacturer reported angular measurement accuracy of 1° [34]. 

2.3. Participants’ Positioning 

Each participant was comfortably seated in the Biodex System 4 chair. The tested upper limb 
was positioned on the dedicated Biodex lever, with the elbow aligned at shoulder height and the 
lateral epicondyle placed next to the base of the lever, forearm was in neutral position. 

The inertial motion sensor was securely attached between the styloid processes of the ulna and 
radius using an elastic band to ensure stable positioning. The clicker was held in the participant’s free 
contralateral (not examined limb) hand. 

To eliminate the influence of visual feedback, all participants were blindfolded during testing 
[36] (Figure 2). The assessment was conducted in a quiet room to minimize external distractions. 
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Figure 2. a) Participant positioning on BIODEX chair and b) sensor placement next to styloid processes of ulna 
and radius. 

2.4. Active Joint Position Sense Evaluation Protocol 

Before each test, participants received a brief explanation of the procedure. The Biodex lever was 
initially positioned at 90°, after which the researcher moved it to one of the target reference angles—
50°, 70°, or 110° of elbow flexion—where it was held for five seconds (Figure 3). During this time, the 
participant was instructed to memorize the joint position and press the clicker to mark it. 
Subsequently, the participant actively returned the limb to the starting position (90°) and then 
attempted to actively reproduce the target angle. Once the participant believed the desired position 
was reached, they pressed the clicker again to confirm the achieved angle. 
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Figure 3. a) Starting position: 90° of elbow flexion. Assessed angular positions: b) 50° elbow flexion, c) 70° elbow 
flexion and d) 110° elbow flexion. 

The 50° and 70° targets were reached by actively extending the elbow from the initial 90° 
position, while the 110° target was reached through active flexion. Each target angle was tested three 
times on both limbs. 

The Biodex lever was used solely to control the plane of motion, thereby minimizing 
compensatory movement from the shoulder and trunk muscles. In this active JPS assessment module, 
only the RSQ Motion sensor was used for data acquisition. The Biodex system was not utilized in this 
part of the study, as it is only capable of evaluating passive joint position sense. 

2.5. Passive Joint Position Sense Evaluation Protocol 

As with the active protocol, participants first received a standardized explanation of the 
procedure. The Biodex lever was initially positioned at 90° and then moved manually by the 
researcher to the selected target angle (50°, 70°, or 110° of elbow flexion), where it was held for five 
seconds (Figure 3). The participant was instructed to memorize the joint position and pressed the 
clicker to confirm memorization. The lever was then returned to the starting position (90°). Next, the 
Biodex system passively moved the limb at a slow and controlled speed toward one of the target 
angles. The participant was asked to indicate when they perceived that the joint had reached the 
previously memorized position by saying “stop” and simultaneously pressing the clicker. The 
researcher then immediately halted the movement of the lever, and the current joint angle was 
recorded both by the Biodex system and RSQ Motion sensor. 

This procedure was repeated three times for each target angle (50°, 70°, and 110°) on both limbs. 
During the passive JPS evaluation, data were collected simultaneously using both the Biodex system 
and the RSQ Motion sensors, allowing for direct comparison between the two measurement methods. 

2.6. Data Collection and Statistical Analysis 

Each participant underwent three rounds of testing in both the active and passive joint position 
sense (JPS) modules. Two of these rounds were conducted on the same day by different examiners to 
assess inter-rater reliability (reproducibility). A third round was performed one week later by one of 
the original examiners to assess intra-rater reliability (repeatability). 

Analyzed data was the mean error of reproduction of joint position (ERJP). In total, 2160 
measurements were performed (20 participants × 2 modules × 3 angles × 3 repetitions × 2 limbs × 3 
sessions). Four measurements were excluded due to improper sensor calibration (two from the active 
module and two from the passive module). 

As the data did not follow a normal distribution, Kendall’s coefficient of concordance (W) was 
used to evaluate both inter- and intra-rater reliability. Its interpretation is analogous to Intraclass 
Correlation Coefficient (ICC), with possible values ranging from 0 (no agreement) to 1 (complete 
agreement) [37–39]. Moreover, the Wilcoxon test for paired samples was employed as a non-
parametric method to assess if there are differences in inter- and intra-rater groups. For the same 
purpose we defined the mean absolute value of ERJP difference. 

To assess the agreement between the RSQ Motion sensors and the BIODEX system in the passive 
JPS module, a Bland–Altman plot was conducted [40,41]. Additionally, the mean absolute value of 
ERJP difference between RSQ Motion sensors and the BIODEX was checked. 

3. Results 

3.1. Inter-Rater Reliability 

Kendall’s coefficient of concordance indicated a good level of inter-rater reliability for passive 
proprioception measurements taken with the BIODEX system, yielding a value of 0.77 (p < 0.05). 
Surprisingly, the passive proprioception measurements obtained using RSQ Motion sensors 
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demonstrated identical reliability, with a Kendall’s coefficient of 0.77 (p < 0.05). In the case of active 
proprioception measured by RSQ Motion sensors, Kendall’s coefficient was moderate, at 0.66 (p < 
0.05). The Wilcoxon test for paired samples revealed no statistically significant differences between 
raters in both modules when using the IMUs, nor in the BIODEX system measurements. Plots 
additionally illustrate agreement between raters (Figure 4). 

The mean absolute difference of ERJP measurements (pooled data of positions and sides) done 
by different raters for passive proprioception testing by the BIODEX system were 1.5° (95%CI: 1.2–
1.7; SD: 1.3), for the passive testing of the RSQ Motion sensors 1.7° (95%CI: 1,4-1,9; SD: 1.5), and for 
the active module of the RSQ Motion sensors it was 1.6° (95%CI: 1.3–1.8; SD: 1.3). 

 
Figure 4. Inter-rater reliability comparison plots. a) BIODEX inter-rater reliability (passive proprioception sense). 
RSQ Motion Sensors b) passive and c) active inter-rater reliability. 

3.2. Intra-Rater Reliability 

Intra-rater reliability was similarly good for passive RSQ Motion testing. It was almost the same 
(although defined as moderate) for BIODEX and moderate for active testing. For the BIODEX system, 
Kendall’s coefficient of concordance was 0.74 (p < 0.05), while for the RSQ Motion sensors, the value 
was 0.75 (p < 0.05) for passive proprioception and 0.65 (p < 0.05) for active proprioception. The 
Wilcoxon test for paired samples showed no significant differences between measurements taken by 
the same rater across BIODEX system and RSQ Motion active proprioception evaluation. In the 
passive proprioception module there were statistical differences, but this remains clinically 
insignificant with mean difference less than 0,5° (and less than 0,5° 95%CI differences) . Plots 
additionally illustrate agreement among the same rater (Figure 5). 

The mean absolute difference in measurements of ERJP done by the same rater for BIODEX 
testing was 1.4° (95%CI: 1.1-1.7; SD: 1.3), for the passive module of the RSQ Motion sensors 1.8° 
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(95%CI: 1.5-2.1; SD: 1.5), and for the active module of the RSQ Motion sensors 1.8° (95%CI: 1.5-2.2; 
SD: 1.7). 

 

Figure 5. Intra-rater reliability comparison plots. a) BIODEX intra-rater reliability (passive proprioception sense). 
RSQ Motion Sensors b) passive and c) active intra-rater reliability. 

3.3. Agreement Between RSQ Motion Sensors and BIODEX 

The Bland-Altman plot demonstrated that the majority of the differences between 
measurements from the two devices (blue dots) were within the limits of agreement defined by LogA 
(two most peripheral red dashed lines) (Figure 6). Additionally, the results were evenly distributed 
above and below the mean difference line (blue middle line), indicating that the device neither 
consistently over- nor underestimated the angles when compared to the other [41]. The mean 
absolute value of ERJP difference between RSQ Motion sensors and the BIODEX system was 0.9° ( 
95%CI: 0.8-1; SD: 0.7), indicating a high level of agreement between the two measurement methods. 
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Figure 6. Differences between BIODEX and RSQ Motion sensors illustrated by Bland-Altman Plot. 

4. Discussion 

Proprioception is a fundamental component of sensorimotor control, containing the perception 
of joint position, movement, and force. Among these, Joint Position Sense (JPS) represents only one 
aspect of proprioception, primarily focusing on the conscious awareness of static joint angles. It 
should be emphasized that JPS alone does not reflect the full spectrum of proprioceptive function, 
which is very complex and also consists of the sensation of dynamic joint movement (kinesthesia) 
[1,2]. Assessment methods for proprioception can be categorized into passive and active 
proprioception tests. Passive assessments involve movement of the limb without voluntary muscle 
activation, reflecting perception capacities. In contrast, active assessments require the participant to 
perform voluntary movements, thus integrating proprioceptive feedback with motor control 
mechanisms. This distinction is clinically relevant, as active proprioception is more representative of 
real-life motor function [1,2] 

Several types of devices, which are able to evaluate JPS are available on the market. Commencing 
with least advanced manual goniometers, they are inexpensive but lack precision and are highly 
operator-dependent [42,43]. Propriometers, previously used in our center, are offering good accuracy 
but are large, wired, and impractical for routine use [44] . Biodex systems, regarded as the gold 
standard, although expensive, bulky, and limited to specialized facilities [27,45]. Specialized robots 
have similar characteristics [46,47] . Ending with optoelectronic motion capture systems (e.g., Vicon), 
which provide highly accurate kinematic data but are cost-prohibitive, complex, and require trained 
personnel [48]. Among these, inertial measurement units seems to be a promising alternative, as they 
meet certain technical criteria. They are: small in size, easy to apply and portable. Therefore there is 
a clear possibility to use them in any setting, such as a medical office or a playing field. Moreover, 
inertial motion sensors have relatively low cost. These features combined together makes potential 
for their broad expansion in the future. 

Most previous studies on proprioception have focused on the shoulder and knee joints, likely 
due to their greater range of motion and relevance in postural and gait stability. In contrast, the elbow 
joint has received limited attention in proprioceptive research. Nonetheless, the elbow plays a critical 
role in many functional and sport-specific tasks and is frequently affected by overuse injuries, trauma, 
and degenerative changes. Moreover, the elbow is often subject to surgical interventions—including 
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minimally invasive procedures such as arthroscopy—where postoperative proprioceptive deficits 
may affect clinical outcomes [6,13,14,49–52]. Therefore, reliable and accessible tools for evaluating 
elbow proprioception are warranted in both diagnostic and rehabilitative contexts. 

So far, to our knowledge there is a lack of studies about inertial motion sensors in the context of 
joint proprioception measurement. Although there is evidence in literature showing that these types 
of devices perform well in range of motion assessment [31–33,53,54]. They can also be successfully 
used for balance and motion tracking [55–57]. This opens an opportunity to further expand their use 
in the proprioception evaluation. However, the requirements for the use of IMUs for this purpose 
may be higher than those for assessing the range of motion. The measurement values of ERJP are 
significantly smaller than the range of motion values. Moreover, professional athletes are the ones 
who possess a superior level of proprioception sense, and small disturbance in this ability may affect 
their performance [19,20]. Therefore, future sensors that could be used for assessing proprioception 
should be highly accurate. For precise movements, devices with an accuracy of less than 1°, or even 
0.1°, are recommended [8,58]. RSQMotion sensors met these requirements with accuracy below 0.15° 
during validation with robot arm [31]. Most studies related to body position assessment are based on 
usage of devices containing accelerometer and gyroscope technology only [28,29,55,59]. Despite these 
two components the RSQ Motion sensor contains an additional magnetometer, making it more 
advanced. This fact could prove crucial for its precision. Thanks to its design, the RSQ Motion sensor 
has the potential to meet these potentially higher requirements for JPS testing. 

The RSQ Motion sensors testing demonstrated good inter- and intra-rater reliability for passive 
proprioception evaluation, similar to the widely-used BIODEX system. The direct comparison 
between the BIODEX and RSQ Motion sensors testing showed no statistically significant differences, 
with a mean absolute difference of less than 1° between these devices. This is less than the BIODEX 
measurement interval and accuracy. The results of the passive proprioception evaluation with RSQ 
Motion sensors showed equal reliability to examination by gold standard BIODEX, suggesting that 
these portable, inexpensive sensors could be a reliable alternative in clinical settings. Active 
proprioception measurement was slightly worse, however this module was more demanding to 
perform by the participants in our study settings. Patients have been influenced by BIODEX lever 
weight, because in this module, in contrast to the passive module, participants had to move the lever 
by overcoming its mass. From our observations, patients found it difficult to keep the levers 
stationary at the target point while replicating the angles. Minor movements at the moment of data 
reading by the RSQ motion sensors likely affected the lower reliability in this module. Considering 
these difficulties, the results of active testing were still satisfactory. 

As a main limitation, it is important to note that this study was conducted in a laboratory 
environment. Controlled settings that allowed for a direct comparison between RSQ Motion sensors 
and the BIODEX system. Further research is needed to validate the performance of these inertial 
motion sensors in more diverse settings, particularly outside of the BIODEX chair and without the 
use of a lever. Moreover, it is possible that we achieved favorable results because of the fact that the 
elbow is a constrained, hinged joint, with relatively lower degrees of freedom, where movement is 
mainly conducted in one plane (elbow flexion). For this reason, in our study, a single sensor was 
sufficient to adequately measure the JPS. Ongoing studies should focus on assessing other joints, with 
more complex movement patterns, where using more than one sensor probably would be a rationale 
for proper JPS evaluation. This would state whether RSQ Motion sensors can be considered a 
universal tool for proprioception measurement across different body parts. It is important to add that 
we cannot fully exclude the learning effect in study participants. That explains why results from 
examinations after an interval of time are slightly better, but not clinically relevant (intra-rater 
reliability plot: Figure 5). 

It is worth mentioning that fMRI may enhance proprioception evaluation as there are specific 
signs of brain activity in peripheral proprioception deficit [60,61]. Combining peripheral JPS 
assessment and central nervous system imaging may be rationale in the future. Ongoing 
developments in proprioceptive assessment are likely to focus on motion monitoring during daily 
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activities and sports participation. Wearable IMU systems integrated with mobile health platforms 
may enable real-time feedback and longitudinal tracking of proprioceptive function in both healthy 
individuals and clinical populations. Such advancements have the potential to transform 
rehabilitation paradigms by providing precise, individualized metrics of sensorimotor performance 
and enabling remote, data-driven therapeutic interventions. 

5. Conclusions 

Our protocol of elbow proprioception assessment based on JPS using IMUs (RSQ Motion) 
demonstrated good validity and reliability with performance comparable to the Biodex system in 
passive joint position sense testing. Active testing showed moderate reliability but remained 
clinically acceptable. Given portability, low cost, and ease of use, IMUs represent a practical 
alternative for proprioception evaluation. Future research should confirm applicability of the 
assessment protocol in clinical and sports settings. 

Author Contributions: Conceptualization, S.S., J.K. and C.B.; Methodology, S.S. and J.K.; Software, B.L.; 
Validation, S.S. and G.M.; Formal Analysis, S.S.; Investigation, S.S. ,G.M. and Ł.Ż; Resources, B.L. and P.L.; 
Writing—Original Draft Preparation, S.S. and G.M.; Writing—Review & Editing, S.S., G.M. and P.L.; 
Visualization, S.S. and P.L.; Supervision, P.L..; Project Administration S.S., G.M. and Ł.Ż. 

Funding: This research received no external funding. The APC was funded by Rehasport Clinic, Poznań, Poland. 

Institutional Review Board Statement: The study was conducted in accordance with the Declaration of Helsinki 
and was approved by the Institutional Review Board of the Bioethical Committee at the University of Medical 
Sciences in Poznań, Poland (Approval No. 883/18) on 6.09.2018. 

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study. 

Data Availability Statement: Not applicable. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Laskowski, E.R.; Newcomer-Aney, K.; Smith, J. Proprioception. Physical Medicine and Rehabilitation Clinics 
of North America 2000, 11, 323–340, doi:10.1016/s1047-9651(18)30132-3. 

2. Moon, K.M.; Kim, J.; Seong, Y.; Suh, B.-C.; Kang, K.; Choe, H.K.; Kim, K. Proprioception, the Regulator of 
Motor Function. BMB Reports 2021, 54, 393–402, doi:10.5483/bmbrep.2021.54.8.052. 

3. Han, J.; Waddington, G.; Anson, J.; Adams, R. Level of Competitive Success Achieved by Elite Athletes and 
Multi-Joint Proprioceptive Ability. Journal of Science and Medicine in Sport 2015, 18, 77–81, 
doi:10.1016/j.jsams.2013.11.013. 

4. Yılmaz, O.; Soylu, Y.; Erkmen, N.; Kaplan, T.; Batalik, L. Effects of Proprioceptive Training on Sports 
Performance: A Systematic Review. BMC Sports Science, Medicine and Rehabilitation 2024, 16, 
doi:10.1186/s13102-024-00936-z. 

5. Aman, J.E.; Elangovan, N.; Yeh, I.-L.; Konczak, J. The Effectiveness of Proprioceptive Training for 
Improving Motor Function: A Systematic Review. Frontiers in Human Neuroscience 2015, 8, 
doi:10.3389/fnhum.2014.01075. 

6. Niespodziński, B.; Mieszkowski, J.; Sawczyn, S.; Kochanowicz, K.; Szulc, A.; Zasada, M.; Kochanowicz, A. 
Elbow Joint Position and Force Senses in Young and Adult Untrained People and Gymnasts. International 
journal of environmental research and public health 2022, 19, 7592, doi:10.3390/ijerph19137592. 

7. Kaczmarek, P.; Lubiatowski, P.; Cisowski, P.; Bręborowicz, E.; Ogrodowicz, P.; Grygorowicz, M.; Laver, L.; 
Dudziński, W.; Romanowski, L. Handball Players Have Superior Shoulder Proprioception: A Prospective 
Controlled Study. Journal of Shoulder and Elbow Surgery 2024, 33, e1–e12, doi:10.1016/j.jse.2023.07.028. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 September 2025 doi:10.20944/preprints202509.1078.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1078.v1
http://creativecommons.org/licenses/by/4.0/


 11 of 14 

 

8. Lephart, S.M.; Warner, J.J.; Borsa, P.A.; Fu, F.H. Proprioception of the Shoulder Joint in Healthy, Unstable, 
and Surgically Repaired Shoulders. Journal of shoulder and elbow surgery 1994, 3, 371–380, doi:10.1016/S1058-
2746(09)80022-0. 

9. 9. Aydin, T.; Yildiz, Y.; Yanmis, I.; Yildiz, C.; Kalyon, T.A. Shoulder Proprioception: A Comparison between 
the Shoulder Joint in Healthy and Surgically Repaired Shoulders. Archives of Orthopaedic and Trauma Surgery 
2001, 121, 422–425, doi:10.1007/s004020000245. 

10. Reider, B.; Arcand, M.A.; Diehl, L.H.; Mroczek, K.; Abulencia, A.; Stroud, C.C.; Palm, M.; Gilbertson, J.; 
Staszak, P. Proprioception of the Knee before and after Anterior Cruciate Ligament Reconstruction. 
Arthroscopy : the journal of arthroscopic & related surgery : official publication of the Arthroscopy Association of 
North America and the International Arthroscopy Association 2003, 19, 2–12, doi:10.1053/jars.2003.50006. 

11. 11. Rokito, A.S.; Birdzell, M.G.; Cuomo, F.; Di Paola, M.J.; Zuckerman, J.D. Recovery of Shoulder Strength 
and Proprioception after Open Surgery for Recurrent Anterior Instability: A Comparison of Two Surgical 
Techniques. Journal of Shoulder and Elbow Surgery 2010, 19, 564–569, doi:10.1016/j.jse.2009.09.010. 

12. Zhang, W.-C.; Xiao, D. Efficacy of Proprioceptive Training on the Recovery of Total Joint Arthroplasty 
Patients: A Meta-Analysis. Journal of orthopaedic surgery and research 2020, 15, 505, doi:10.1186/s13018-020-
01970-6. 

13. 13. Lubiatowski, P.; Olczak, I.; Lisiewicz, E.; Ogrodowicz, P.; Bręborowicz, M.; Romanowski, L. Elbow Joint 
Position Sense after Total Elbow Arthroplasty. Journal of shoulder and elbow surgery 2014, 23, 693–700, 
doi:10.1016/j.jse.2014.01.016. 

14. 14. Siqueira, G.S.L.; Amaral, M.V.G.; Schiefer, M.; Schlee, G.; Schultz-Wenk, T.F.; de Almeida, M.N.; 
Nicoliche, E.B.; Cossich, V.R.A.; Motta, G.; Morrissey, D.; et al. Proprioceptive Deficit after Total Elbow 
Arthroplasty: An Observational Study. Journal of shoulder and elbow surgery 2017, 26, 2017–2022, 
doi:10.1016/j.jse.2017.07.003. 

15. 15. Smith, R.L.; Brunolli, J. Shoulder Kinesthesia after Anterior Glenohumeral Joint Dislocation. Physical 
therapy 1989, 69, 106–112, doi:10.1093/ptj/69.2.106. 

16. 16. Liu, Y.; Dong, S.; Wang, Q.; Liu, Z.; Song, Q.; Shen, P. Deficits in Proprioception and Strength May 
Contribute to the Impaired Postural Stability among Individuals with Functional Ankle Instability. 
Frontiers in Physiology 2024, 15, doi:10.3389/fphys.2024.1342636. 

17. Donnell-Fink, L.A.; Klara, K.; Collins, J.E.; Yang, H.Y.; Goczalk, M.G.; Katz, J.N.; Losina, E. Effectiveness of 
Knee Injury and Anterior Cruciate Ligament Tear Prevention Programs: A Meta-Analysis. PLOS ONE 2015, 
10, e0144063, doi:10.1371/journal.pone.0144063. 

18. Rivera, M.J.; Winkelmann, Z.K.; Powden, C.J.; Games, K.E. Proprioceptive Training for the Prevention of 
Ankle Sprains: An Evidence-Based Review. Journal of Athletic Training 2017, 52, 1065–1067, 
doi:10.4085/1062-6050-52.11.16. 

19. 19. Darwish, M.H.; Ahmed, S.; Abdelalim, A.; Elsherif, A.A. Quantitative Evaluation of Shoulder 
Proprioception 6 Months Following Stroke. The Egyptian Journal of Neurology, Psychiatry and Neurosurgery 
2018, 54, 1–5, doi:10.1186/s41983-018-0038-7. 

20. 20. Yu, Y.; Chen, Y.; Lou, T.; Shen, X. Correlation Between Proprioceptive Impairment and Motor Deficits 
After Stroke: A Meta-Analysis Review. Frontiers in Neurology 2022, 12, doi:10.3389/fneur.2021.688616. 

21. 21. Ribeiro Artigas, N.; Eltz, G.D.; do Pinho, A.S.; Torman, V.B.L.; Hilbig, A.; Rieder, C.R.M. Evaluation of 
Knee Proprioception and Factors Related to Parkinson’s Disease. Neuroscience journal 2016, 2016, 6746010, 
doi:10.1155/2016/6746010. 

22. 22. Konczak, J.; Corcos, D.M.; Horak, F.; Poizner, H.; Shapiro, M.; Tuite, P.; Volkmann, J.; Maschke, M. 
Proprioception and Motor Control in Parkinson’s Disease. Journal of motor behavior 2009, 41, 543–552, 
doi:10.3200/35-09-002. 

23. 23. Li, K.; Pickett, K.A.; Fu, H.; Chen, R. Proprioceptive and Olfactory Deficits in Individuals with Parkinson 
Disease and Mild Cognitive Impairment. Acta Neurologica Belgica 2023, 124, 419–430, doi:10.1007/s13760-
023-02420-w. 

24. 24. Elangovan, N.; Tuite, P.J.; Konczak, J. Somatosensory Training Improves Proprioception and Untrained 
Motor Function in Parkinson’s Disease. Frontiers in neurology 2018, 9, 1053, doi:10.3389/fneur.2018.01053. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 September 2025 doi:10.20944/preprints202509.1078.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1078.v1
http://creativecommons.org/licenses/by/4.0/


 12 of 14 

 

25. 25. Chiaramonte, R.; Bonfiglio, M.; Leonforte, P.; Coltraro, G.L.; Guerrera, C.S.; Vecchio, M. Proprioceptive 
and Dual-Task Training: The Key of Stroke Rehabilitation, A Systematic Review. Journal of functional 
morphology and kinesiology 2022, 7, 53, doi:10.3390/jfmk7030053. 

26. 26. Hillier, S.; Immink, M.; Thewlis, D. Assessing Proprioception: A Systematic Review of Possibilities. 
Neurorehabilitation and neural repair 2015, 29, 933–949, doi:10.1177/1545968315573055. 

27. 27. Ager, A.L.; Roy, J.-S.; Roos, M.; Belley, A.F.; Cools, A.; Hébert, L.J. Shoulder Proprioception: How Is It 
Measured and Is It Reliable? A Systematic Review. Journal of Hand Therapy 2017, 30, 221–231, 
doi:10.1016/j.jht.2017.05.003. 

28. 28. Lopez-Nava, I.H.; Munoz-Melendez, A. Wearable Inertial Sensors for Human Motion Analysis: A 
Review. IEEE Sensors Journal 2016, 16, 7821–7834, doi:10.1109/jsen.2016.2609392. 

29. 29. García-de-Villa, S.; Casillas-Pérez, D.; Jiménez-Martín, A.; García-Domínguez, J.J. Inertial Sensors for 
Human Motion Analysis: A Comprehensive Review. IEEE Transactions on Instrumentation and Measurement 
2023, 72, 1–39, doi:10.1109/tim.2023.3276528. 

30. 30. Han, J.; Waddington, G.; Adams, R.; Anson, J.; Liu, Y. Assessing Proprioception: A Critical Review of 
Methods. Journal of Sport and Health Science 2016, 5, 80–90, doi:10.1016/j.jshs.2014.10.004. 

31. 31. Białecka, M.; Gruszczyński, K.; Cisowski, P.; Kaszyński, J.; Baka, C.; Lubiatowski, P. Shoulder Range of 
Motion Measurement Using Inertial Measurement Unit—Validation with a Robot Arm. Sensors 2023, 23, 
5364, doi:10.3390/s23125364. 

32. 32. Kaszyński, J.; Baka, C.; Białecka, M.; Lubiatowski, P. Shoulder Range of Motion Measurement Using 
Inertial Measurement Unit–Concurrent Validity and Reliability. Sensors 2023, 23, 7499, 
doi:10.3390/s23177499. 

33. 33. Stołowski, Ł.; Niedziela, M.; Lubiatowski, B.; Lubiatowski, P.; Piontek, T. Validity and Reliability of 
Inertial Measurement Units in Active Range of Motion Assessment in the Hip Joint. Sensors 2023, 23, 8782, 
doi:10.3390/s23218782. 

34. 34. X. Biodex Medical Systems, Biodex System 4 Manual available online: 
https://www.biodex.com/physical-medicine/products/dynamometers/system-4-pro 

35. 35. Valovich-mcLeod, T.C.; Shultz, S.J.; Gansneder, B.M.; Perrin, D.H.; Drouin, J.M. Reliability and Validity 
of the Biodex System 3 pro Isokinetic Dynamometer Velocity, Torque and Position Measurements. European 
Journal of Applied Physiology 2004, 91, 22–29, doi:10.1007/s00421-003-0933-0. 

36. 36. Elliott, D. The Influence of Visual Target and Limb Information on Manual Aiming. Canadian Journal of 
Psychology/Revue canadienne de psychologie 1988, 42, 57–68, doi:10.1037/h0084172. 

37. 37. Kendall, M.G.; Smith, B.B. The Problem of m Rankings. The Annals of Mathematical Statistics 1939, 10, 
275–287, doi:10.1214/aoms/1177732186. 

38. 38. Wallis, W.A. The Correlation Ratio for Ranked Data. Journal of the American Statistical Association 1939, 
34, 533–538, doi:10.1080/01621459.1939.10503552. 

39. 39. Teles, J. Concordance Coefficients to Measure the Agreement among Several Sets of Ranks. Journal of 
Applied Statistics 2012, 39, 1749–1764, doi:10.1080/02664763.2012.681460. 

40. 40. Martin Bland, J.; Altman, DouglasG. STATISTICAL METHODS FOR ASSESSING AGREEMENT 
BETWEEN TWO METHODS OF CLINICAL MEASUREMENT. The Lancet 1986, 327, 307–310, 
doi:10.1016/s0140-6736(86)90837-8. 

41. 41. Gerke, O. Reporting Standards for a Bland-Altman Agreement Analysis: A Review of Methodological 
Reviews. Diagnostics (Basel, Switzerland) 2020, 10, 334, doi:10.3390/diagnostics10050334. 

42. 42. Rider, J.V.; Valdes, K.A. Test-Retest Reliability of Joint Position Sense in the Elbow among Healthy 
Adults. Journal of Hand Therapy 2024, 37, 243–249, doi:10.1016/j.jht.2023.08.015. 

43. 43. Tian, F.; Zhao, Y.; Li, J.; Wang, W.; Wu, D.; Li, Q.; Guo, L.; Wang, S. Test–Retest Reliability of a New 
Device Versus a Long-Arm Goniometer to Evaluate Knee Proprioception. Journal of Sport Rehabilitation 
2022, 31, 368–373, doi:10.1123/jsr.2021-0146. 

44. 44. Lubiatowski, P.; Ogrodowicz, P.; Wojtaszek, M.; Kaniewski, R.; Stefaniak, J.; Dudziński, W.; 
Romanowski, L. Measurement of Active Shoulder Proprioception: Dedicated System and Device. European 
Journal of Orthopaedic Surgery &amp; Traumatology 2012, 23, 177–183, doi:10.1007/s00590-012-0950-y. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 September 2025 doi:10.20944/preprints202509.1078.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1078.v1
http://creativecommons.org/licenses/by/4.0/


 13 of 14 

 

45. 45. Tsai, Y.-J.; Tsai, T.-C.; Chung, T.-C.; Hsiao, C.-K.; Tu, Y.-K. Assessment of Joint Position Sense in Active 
and Passive Modes with Various Elbow Flexion Angles and Movement Speeds Using an Isokinetic 
Dynamometer. Musculoskeletal Science and Practice 2024, 73, 103153, doi:10.1016/j.msksp.2024.103153. 

46. 46. Oleksy, Ł.; Królikowska, A.; Mika, A.; Reichert, P.; Kentel, M.; Kentel, M.; Poświata, A.; Roksela, A.; 
Kozak, D.; Bienias, K.; et al. A Reliability of Active and Passive Knee Joint Position Sense Assessment Using 
the Luna EMG Rehabilitation Robot. International Journal of Environmental Research and Public Health 2022, 
19, 15885, doi:10.3390/ijerph192315885. 

47. 47. Contu, S.; Hussain, A.; Kager, S.; Budhota, A.; Deshmukh, V.A.; Kuah, C.W.K.; Yam, L.H.L.; Xiang, L.; 
Chua, K.S.G.; Masia, L.; et al. Proprioceptive Assessment in Clinical Settings: Evaluation of Joint Position 
Sense in Upper Limb Post-Stroke Using a Robotic Manipulator. PloS one 2017, 12, e0183257, 
doi:10.1371/journal.pone.0183257. 

48. 48. Merriaux, P.; Dupuis, Y.; Boutteau, R.; Vasseur, P.; Savatier, X. A Study of Vicon System Positioning 
Performance. Sensors 2017, 17, 1591, doi:10.3390/s17071591. 

49. 49. Juul-Kristensen, B.; Lund, H.; Hansen, K.; Christensen, H.; Danneskiold-Samsøe, B.; Bliddal, H. Poorer 
Elbow Proprioception in Patients with Lateral Epicondylitis than in Healthy Controls: A Cross-Sectional 
Study. Journal of Shoulder and Elbow Surgery 2008, 17, S72–S81, doi:10.1016/j.jse.2007.07.003. 

50. 50. Sevrez, V.; Bourdin, C. On the Role of Proprioception in Making Free Throws in Basketball. Research 
Quarterly for Exercise and Sport 2015, 86, 274–280, doi:10.1080/02701367.2015.1012578. 

51. 51. Unal, M.; Budeyri, A.; Ercan, S.; Serbest, O.; Dogan, O.; Demir, H.M.; Cetin, C. Arthroscopic Chronic 
Tennis Elbow Surgery Preserves Elbow Proprioception. Orthopaedics &amp; Traumatology: Surgery &amp; 
Research 2019, 105, 329–334, doi:10.1016/j.otsr.2018.10.009. 

52. 52. Schiffke-Juhász, B.; Knobloch, K.; Vogt, P.M.; Hoy, L. Proprioceptive Elbow Training Reduces Pain and 
Improves Function in Painful Lateral Epicondylitis—a Prospective Trial. Journal of Orthopaedic Surgery and 
Research 2021, 16, doi:10.1186/s13018-021-02602-3. 

53. 53. Costa, V.; Ramírez, Ó.; Otero, A.; Muñoz-García, D.; Uribarri, S.; Raya, R. Validity and Reliability of 
Inertial Sensors for Elbow and Wrist Range of Motion Assessment. PeerJ 2020, 8, e9687, 
doi:10.7717/peerj.9687. 

54. 54. Walmsley, C.P.; Williams, S.A.; Grisbrook, T.; Elliott, C.; Imms, C.; Campbell, A. Measurement of Upper 
Limb Range of Motion Using Wearable Sensors: A Systematic Review. Sports Medicine—Open 2018, 4, 
doi:10.1186/s40798-018-0167-7. 

55. 55. Ortega-Bastidas, P.; Gómez, B.; Aqueveque, P.; Luarte-Martínez, S.; Cano-de-la-Cuerda, R. 
Instrumented Timed Up and Go Test (iTUG)—More Than Assessing Time to Predict Falls: A Systematic 
Review. Sensors 2023, 23, 3426, doi:10.3390/s23073426. 

56. 56. Abdollahi, M.; Kuber, P.M.; Shiraishi, M.; Soangra, R.; Rashedi, E. Kinematic Analysis of 360° Turning 
in Stroke Survivors Using Wearable Motion Sensors. Sensors 2022, 22, 385, doi:10.3390/s22010385. 

57. 57. Desai, R.; Fritz, N.E.; Muratori, L.; Hausdorff, J.M.; Busse, M.; Quinn, L. Evaluation of Gait Initiation 
Using Inertial Sensors in Huntington’s Disease: Insights into Anticipatory Postural Adjustments and 
Cognitive Interference. Gait &amp; Posture 2021, 87, 117–122, doi:10.1016/j.gaitpost.2021.04.021. 

58. 58. Fremerey, R.W.; Lobenhoffer, P.; Zeichen, J.; Skutek, M.; Bosch, U.; Tscherne, H. Proprioception after 
Rehabilitation and Reconstruction in Knees with Deficiency of the Anterior Cruciate Ligament. The Journal 
of Bone and Joint Surgery. British volume 2000, 82-B, 801–806, doi:10.1302/0301-620x.82b6.0820801. 

59. 59. Ghislieri, M.; Gastaldi, L.; Pastorelli, S.; Tadano, S.; Agostini, V. Wearable Inertial Sensors to Assess 
Standing Balance: A Systematic Review. Sensors 2019, 19, 4075, doi:10.3390/s19194075. 

60. 60. Shitara, H.; Shimoyama, D.; Sasaki, T.; Hamano, N.; Ichinose, T.; Yamamoto, A.; Kobayashi, T.; Osawa, 
T.; Iizuka, H.; Hanakawa, T.; et al. The Neural Correlates of Shoulder Apprehension: A Functional MRI 
Study. PLOS ONE 2015, 10, e0137387, doi:10.1371/journal.pone.0137387. 

61. 61. Shitara, H.; Ichinose, T.; Shimoyama, D.; Sasaki, T.; Hamano, N.; Kamiyama, M.; Tajika, T.; Yamamoto, 
A.; Kobayashi, T.; Hanakawa, T.; et al. Neuroplasticity Caused by Peripheral Proprioceptive Deficits. 
Medicine &amp; Science in Sports &amp; Exercise 2021, 54, 28–37, doi:10.1249/mss.0000000000002775. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 September 2025 doi:10.20944/preprints202509.1078.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1078.v1
http://creativecommons.org/licenses/by/4.0/


 14 of 14 

 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 
products referred to in the content. 

 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 September 2025 doi:10.20944/preprints202509.1078.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1078.v1
http://creativecommons.org/licenses/by/4.0/

