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Abstract

High-velocity baseball pitches place demands on the shoulder, requiring precise sensori-
motor control to maintain joint stability and consistent throwing mechanics. Immersive
virtual reality (IVR) has emerged as a platform for sensorimotor training, offering con-
trolled, interactive environments, although its immediate effects on shoulder joint position
sense remain unknown in overhead athletes. This preliminary within-subject pilot study
evaluated whether a brief IVR-based closed kinetic chain (CKC) task using the ICAROS
Lightning device could acutely improve active joint position sense (AJPS) in the dominant
arm of collegiate baseball players. Nine male collegiate baseball athletes completed base-
line AJPS testing during shoulder internal and external rotation before a 2-min immersive
flight simulation task, then repeated AJPS assessment. Absolute angular error was the
primary outcome. Following the intervention, AJPS error was significantly reduced in both
rotational directions. Mean internal rotation error decreased by 4.22◦ (95% CI: 3.02◦ to 5.42◦;
p < 0.001; Cohen’s dz = 2.70), while mean external rotation error decreased by 4.73◦ (95% CI:
3.10◦ to 6.37◦; p < 0.001; Cohen’s dz = 2.23). These preliminary findings suggest IVR-based
CKC exercise acutely improves shoulder joint position sense, which may have implications
for restoring proprioception following throwing-induced fatigue. Further validation is
warranted in randomized controlled studies with larger, heterogeneous samples in order
to determine whether these findings have meaningful effects on throwing performance
or recovery.

Keywords: immersive virtual reality; artificial intelligence; shoulder proprioception; active
joint position sense; sensorimotor training; closed kinetic chain; overhead athletes; baseball;
rehabilitation; intelligent virtual environments

1. Introduction
The baseball pitch constitutes one of the fastest human physical movements in sport

and requires substantial shoulder external rotation during the late cocking phase [1–3]. To
tolerate these demands, the rotator cuff musculature must contribute to dynamic stabi-
lization of the humeral head within the glenoid fossa during high-velocity throwing [2,3].
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Pitching consistency is clinically important because higher levels of competition are associ-
ated with less kinematic variability, and less repeatable mechanics may increase inefficiency
and injury risk [4–6]. These observations point to neuromuscular control as a central factor
in maintaining both performance and joint stability during repetitive throwing.

Repetitive overhead throwing is also associated with characteristic adaptations in
shoulder motion, including increased external rotation and reduced internal rotation in
the dominant arm [7–9]. These adaptations may be physiologic in some athletes, but an
excessive glenohumeral internal rotation deficit has been associated with increased risk
of shoulder and elbow injury in throwers [7,10]. Facilitation of this rotation is primarily
accomplished using proprioception, which refers to the ability to integrate afferent input to
perceive body position and movement [11,12]. In the shoulder, proprioception includes
joint position sense, kinesthesia, and force sense, all of which contribute to joint awareness
and neuromuscular control [12,13]. As a clinically used measure of proprioception, active
joint position sense (AJPS) evaluates an individual’s ability to reproduce a target joint
angle without visual input [14]. Since it isolates position sense under controlled conditions,
AJPS provides a practical and quantifiable method for assessing proprioceptive function in
overhead athletes [11,14].

Interactive immersive virtual reality has emerged as a potentially useful adjunct
in musculoskeletal rehabilitation because it can increase engagement via gamification,
provide externally directed task goals, and create a more interactive movement environ-
ment [13,15,16]. Systematic reviews in orthopedic and shoulder rehabilitation have reported
promising yet heterogeneous evidence for virtual reality-based interventions, with bene-
fits often related to engagement, feasibility, and selected functional outcomes rather than
uniformly superior clinical results [13,16,17]. External attentional focus has likewise been
associated with improved motor performance and neuromuscular efficiency across a broad
range of tasks [18]. Immersive virtual reality may also provide a controlled, repeatable, and
highly interactive training environment in which users continuously respond to task-linked
visual feedback that adapts to their performance. The combination of physical demand
and externally driven feedback may create conditions that are particularly favorable for
enhancing sensorimotor performance.

The ICAROS Lightning flight simulation device represents one such application that
integrates these elements. The ICAROS Lightning device is a novel closed kinetic chain
modality in which the athlete assumes a modified prone plank position while controlling
a multiaxial platform within an immersive virtual reality environment. This task re-
quires upper-extremity weight-bearing, continuous reactive stabilization, and goal-directed
movement control while receiving and responding to immediate visual feedback from
the gamified environment. Because user movement directly governs navigation within
the virtual environment, the device also functions as an interactive human-in-the-loop
sensorimotor system rather than as a passive exercise modality. However, the immediate
effects of this type of stimulus on shoulder proprioception in overhead athletes have yet to
be elucidated.

Therefore, the purpose of this study was to examine the acute effect of a single ICAROS-
based closed kinetic chain session on shoulder joint position sense in the dominant throwing
arm of collegiate baseball players. It was hypothesized that this combined sensorimotor
stimulus would improve proprioceptive accuracy, demonstrated by a reduction in error
during active joint position sense testing following a single session. More broadly, this work
aims to clarify whether immersive virtual reality can meaningfully influence short-term
sensorimotor performance in overhead athletes.
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2. Materials and Methods
2.1. Study Design

This study was designed as a preliminary, hypothesis-generating within-subject pilot
investigation to evaluate the acute effects of an immersive virtual reality-based closed
kinetic chain intervention using the ICAROS Lightning device (ICAROS GmbH, Planegg,
Germany) on shoulder proprioception. A one-group pretest–posttest design was used
to assess changes in active joint position sense (AJPS) following a brief dynamic stability
intervention in collegiate baseball pitchers.

2.2. Participants

Nine male collegiate baseball players at various Southern California colleges partici-
pated in this study at a commercial Strength and Conditioning facility in the San Fernando
Valley. Participants were instructed to refrain from exercise before testing on the assessment
day. Participants were excluded if they reported significant medical conditions that could
limit exercise capacity or affect upper extremity function, throwing-specific conditions such
as pathological glenohumeral internal rotation deficit (GIRD), prior use of the ICAROS
Lightning device, or a score above the 50th percentile on the Motion Sickness Susceptibility
Questionnaire [19]. All exploratory participants provided written informed consent while
ethical approval was obtained from the University of California, Los Angeles (UCLA)
(IRB: 11-003190). Off-site participants provided written informed consent and single IRB
approval (sIRB: BRANY, Melville, NY, USA). Research practices were conducted in accor-
dance with the ethical principles documented in the Declaration of Helsinki. A sample size
of n = 8 was calculated based on a priori power analysis using results reported from an
unpublished exploratory pilot study using eight collegiate aged males of similar design in
our research laboratory assuming α = 0.05 and β = 0.20. Nine participants were ultimately
enrolled and completed the study.

2.3. Instrumentation

The instrumentation used in this study included the ICAROS Lightning, smartphone
inclinometry (InclinoPro, v2.3, Los Angeles, CA, USA), and a laser positioning system. The
ICAROS Lightning is a biaxial platform mounted on a single fulcrum point, allowing for
rotation along the roll and pitch axes. It includes padded forearm and shin rests, fixed
handgrips, and foot supports (Figure 1). The athlete assumes a modified prone plank
position. The Pico virtual reality headset (PICO Technology Co., Ltd., Beijing, China) maps
the platform’s orientation into a virtual environment such that tilting changes the direction
of the virtual aircraft. Participants completed a 2-min game of flying through a set of rings
on the “Easy” level, which standardized task difficulty across participants and provided an
external objective. Sensors on the ICAROS platform detect changes in body positioning,
weight distribution, and the speed and directionality of the user’s movements. These
biomechanical metrics are measured in real-time throughout each session and directly
coordinate in-game flight.

Shoulder internal rotation (IR) and external rotation (ER) were measured via smart-
phone inclinometry, a method that has shown acceptable validity for assessing shoulder
range of motion in prior work [20]. The device was aligned along the forearm to ap-
proximate the axis of rotation and was calibrated within the application prior to each
measurement. To ensure shoulder positioning consistency, two lasers mounted on tripods
were positioned anteriorly and laterally to the glenohumeral joint.
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Figure 1. ICAROS Lightning interactive immersive virtual reality device.

2.4. Anthropometric Measurements

Each participant’s demographic information and anthropometric variables were
recorded. Height was measured via precision stadiometer (Seca, Hanover, MD, USA),
and body composition was measured using a multi-frequency bioelectrical impedance
analyzer (InBody Co., Seoul, Republic of Korea). Participants adhered to standard pre-
measurement body composition guidelines [21]. Arm length was measured from the
acromion to the distal elbow crease with the elbow fully extended. The dominant throwing
arm was recorded.

2.5. Active Joint Position Sense (AJPS) Assessment

A one-group pretest–posttest design was used to assess the acute effect of the ICAROS
Lightning device on shoulder AJPS. The AJPS test utilized in this study was based on the
method described by Dover and Powers [14], which demonstrated high inter-rater and intra-
rater reliability in a healthy university population. Consideration of AJPS as an outcome
measure was also informed by broader reviews of shoulder proprioception methodol-
ogy [11]. The primary outcome measure was absolute angular error (degrees), calculated as
the absolute difference between the target position and the participant’s actively reproduced
position. An exploratory analysis of signed angular error was also performed to character-
ize the direction of reproduction error, whereby negative values indicated undershooting
of the target angle and positive values indicated overshooting. The investigator administer-
ing the AJPS assessments was blinded to the study hypothesis and followed an identical
standardized assessment protocol for both pre- and post-intervention assessments.

Initially, participants completed a baseline AJPS assessment. In a standing position, the
dominant shoulder was aligned according to anterior and lateral laser guides to maintain
consistency. Using the smartphone inclinometer, the participant was positioned in the
neutral testing position (90◦ abduction and 90◦ flexion). Maximum active IR and ER were
then collected.

After a 2-min interval, participants closed their eyes while the arm was passively
oriented to a target corresponding to 90% of the participants’ available ER or IR range.
Passive rotation was presented at variable velocities to reduce time-associated cues [14].
Participants were instructed to hold the target position for 3 s, rest for 3 s, and then return
to the neutral position. Participants then actively reproduced the target angle, and the

https://doi.org/10.3390/app16168318

https://doi.org/10.3390/app16168318


Appl. Sci. 2026, 16, 8318 5 of 11

reproduced angle was recorded. This procedure was performed once for internal rotation
and once for external rotation.

2.6. Intervention Protocol

Participants were then introduced to the ICAROS Lightning device. After a demon-
stration, they tested it for one minute, experiencing pitch and roll on command by the
researcher to ensure exposure to the full range of device motion. After a 2-min interval,
participants put on the VR headset, mounted the ICAROS Lightning, and completed 2 min
of the “Easy” level of the ring-navigation game. Participants were instructed to actively
engage with the task and control the platform to navigate through the course. The inter-
ventional duration of 2 min was intended to serve as a short session with the ICAROS
Lightning platform that may serve as an equivalent to a brief warm up or recovery aid.
This duration is supported based on the findings of Escamilla and colleagues, who inves-
tigated the effects of a one minute stretching and calisthenics drill (i.e., two-out drill) on
glenohumeral internal, external, and total rotation deficits after throwing 40 full-effort
pitches [22]. The two-out drill, which consisted of 7 stretches and exercises performed
in succession, was completed in an estimated 60 s. Notably, after the completion of the
two-out drill, glenohumeral internal, external, and total rotational motion levels were
restored to pre-pitching values. Therefore, we estimated that a 2 min session with ICAROS
would have practical value as a warm up or as a component of a recovery routine.

2.7. Post-Intervention Assessment

Participants then completed a post-test AJPS assessment. The protocol followed the
baseline AJPS assessment to reproduce the 90% ER and IR target positions, excluding
remeasurement of maximum active IR and ER. All sessions were monitored by researchers
under the guidance of the principal investigator.

2.8. Statistical Analysis

All analyses were conducted in R version 4.5.0 (R Foundation for Statistical Computing,
Vienna, Austria) using a within-subject (paired) design to evaluate pre- to post-intervention
changes in active joint position sense (AJPS) absolute error for internal rotation (IR) and
external rotation (ER). An exploratory analysis of signed angular error was also performed
to characterize the direction of reproduction error (i.e., undershooting versus overshooting
the target angle). All nine participants were included in the paired analyses. Visual inspec-
tion of individual change scores indicated consistent reductions in error magnitude for the
primary outcome (absolute angular error) without extreme outliers. For the exploratory
signed angular error analysis, movement toward 0◦ was interpreted as reduced directional
reproduction error. Given the small sample size and exploratory nature of the study, paired
samples t-tests were used to assess differences between pre- and post-intervention values.
Effect sizes were calculated using Cohen’s dz to quantify the magnitude of within-subject
changes. In addition to null hypothesis testing, 95% confidence intervals (CI) were calcu-
lated for mean differences to provide an estimate of precision and to aid in interpretation
of the observed effects. Statistical significance was set at p < 0.05. Emphasis was placed
on effect sizes, confidence intervals, and consistency of individual responses in addition
to p-values.

3. Results
All nine participants completed the study with mean age, height, and weight of

22.3 ± 1.5 yrs, 184 ± 5.1 cm, and 87.3 ± 12.7 kg, respectively. Paired analyses revealed
significant reductions in absolute angular error for both internal and external rotation
following the intervention. Internal rotation absolute error decreased by an average of 4.22◦
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(t(8) = 8.10, p < 0.001), representing a very large effect (Cohen’s dz = 2.70), with a 95% CI of
3.02◦ to 5.42◦. External rotation absolute error decreased by an average of 4.73◦ (t(8) = 6.68,
p < 0.001), representing a very large effect (Cohen’s dz = 2.23), with a 95% CI of 3.10◦ to
6.37◦. Mean internal rotation absolute error changed from 8.09 ± 4.91◦ pre-intervention to
3.87 ± 4.10◦ post-intervention, while mean external rotation absolute error changed from
6.29 ± 2.18◦ to 1.56 ± 0.76◦, respectively.

An exploratory analysis of signed angular error was performed to characterize direc-
tional reproduction bias. Internal rotation signed error decreased by an average of 3.33◦

(t(8) = 3.16, p = 0.013), representing a large effect (Cohen’s dz = 1.05), with a 95% CI of
0.90◦ to 5.76◦. External rotation signed error decreased by an average of 5.11◦ (t(8) = 5.96,
p < 0.001), representing a very large effect (Cohen’s dz = 1.99), with a 95% CI of 3.13◦ to
7.09◦. Mean signed internal rotation error changed from −6.71 ± 6.50◦ pre-intervention to
−3.38 ± 0.74◦ post-intervention, while mean signed external rotation error changed from
−5.84 ± 2.38◦ to −0.73 ± 1.06◦, respectively. As illustrated in Figure 2, individual partici-
pant responses generally moved closer to the target angle for both internal and external
rotation, with greater magnitude and reduced variability observed for external rotation.

Figure 2. Individual pre- and post-intervention signed angular error values for (A) internal rotation
(IR) and (B) external rotation (ER). Each line represents a single participant (grayscale). Negative
values indicate undershooting of the target angle, whereas positive values indicate overshooting
of the target angle. Group means are overlaid in red with 95% confidence intervals. Signed error
generally shifted closer to the target angle following the intervention for both IR and ER, with greater
magnitude and more uniform improvements observed during external rotation.

4. Discussion
This study investigated the effect of a novel closed kinetic chain stimulus (ICAROS

Lightning) on shoulder AJPS in the dominant throwing arm of collegiate baseball players.
The primary analysis demonstrated significant reductions in absolute angular error for both
internal and external rotation immediately following the intervention, indicating improved
shoulder position reproduction accuracy. Absolute angular error decreased by 4.22◦ for
internal rotation and 4.73◦ for external rotation, representing very large effects for both
rotational directions. An exploratory analysis of signed angular error further demonstrated
that reproduction errors shifted closer to the target angle for both movements, indicating
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reduced directional bias following the intervention. The exploratory signed-error analysis
demonstrated mean shifts of 3.33◦ for internal rotation and 5.11◦ for external rotation,
with large and very large effect sizes, respectively. Collectively, these findings support
the hypothesis that a single ICAROS-based session can acutely improve shoulder joint
position sense while also suggesting reduced directional reproduction bias following
the intervention.

These findings are consistent with prior work suggesting that CKC interventions
can influence proprioception and neuromuscular control in the upper extremity [23–25].
The larger mean improvement observed in external rotation across both the primary and
exploratory analyses is clinically notable, given the relevance of external rotation during
the late cocking phase of pitching [1–3]. This pattern may indicate that the intervention
meaningfully engaged sensorimotor processes relevant to shoulder position reproduction
in a sport-specific range [26,27]. It remains to be determined whether rotational correc-
tions of this caliber (i.e., 3–5◦) have salient implications on injury risk, performance, or
neuromuscular control.

The greater improvement observed in external rotation compared with internal rota-
tion may reflect direction-specific differences in shoulder sensorimotor processing that are
not yet fully understood. Prior work has identified directional variation in joint position
sense among overhead athletes, but the mechanisms underlying these differences have not
been elucidated [26,27]. One possible explanation is that external rotation places unique
mechanical demands on capsuloligamentous structures and dynamic stabilizers during
the late cocking phase of throwing, potentially heightening afferent sensitivity within this
range [28,29]. Repetitive exposure to high-velocity external rotation may also produce
sport-specific neural adaptations that influence the accuracy of position reproduction [30].
The present findings support the possibility that proprioceptive responsiveness differs by
rotational direction and suggest that external rotation may be particularly sensitive to acute
sensorimotor priming interventions [31].

Several mechanisms may contribute to these findings. Proprioception relies on afferent
input from muscle spindles, Golgi tendon organs, and joint receptors, which together
inform the central nervous system about joint position and movement [11,13]. CKC exercise
may enhance dynamic joint stability through co-contraction and increased sensorimotor
demand [18,32]. This may have facilitated short-term sensorimotor priming, thereby
improving immediate angle-reproduction accuracy. A similar rationale has been proposed
in the broader proprioceptive and shoulder rehabilitation literature [12,17,25]. However,
these hypotheses remain speculative, as experimental investigation is needed to determine
whether neuromuscular facilitation and sensorimotor integration play mechanistic roles in
AJPS correction.

The movement configuration used in the present intervention also merits consid-
eration. Although shoulder rehabilitation and sensorimotor training have traditionally
emphasized open kinetic chain (OKC) exercise because overhead athletic movements are
performed with the distal extremity freely moveable [33], rehabilitation of the overhead
athlete has increasingly incorporated kinetic-chain principles that integrate the trunk,
scapula, and upper extremity to optimize neuromuscular control and dynamic shoulder
function [34,35]. Consistent with these principles, the present intervention employed a
CKC task characterized by upper-extremity weight-bearing, continuous reactive stabiliza-
tion, and coordinated multijoint control. Matched CKC exercises have been shown to
elicit greater activation of several shoulder and trunk stabilizers than comparable OKC
exercises [36], further supporting the use of CKC as a complementary sensorimotor training
approach within upper-extremity rehabilitation [35]. At the same time, CKC configurations
may be less representative of the motor demands associated with overhead throwing and
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certain shoulder injury mechanisms than task-specific OKC assessments [37,38]. Conse-
quently, the present findings should be interpreted within the context of a CKC-based
immersive virtual reality intervention. Future studies directly comparing CKC and OKC
interventions of similar intensity will help determine whether improvements in shoulder
joint position sense are configuration-specific or reflect broader sensorimotor adaptations.

The present findings have practical implications for athletic preparation and support
further investigation into immersive virtual reality systems. A brief IVR-based CKC task
may represent a time-efficient strategy to acutely enhance shoulder position sense prior to
throwing activity. Because proprioceptive acuity contributes to joint awareness and coordi-
nated movement, interventions that improve AJPS may be useful within broader shoulder
preparation programs for overhead athletes [11,14,39]. Interest has grown in regard to
VR-based rehabilitation and performance-support environments that combine task engage-
ment with repeated motor exposure [15–17]. Furthermore, as artificial intelligence and
adaptive virtual environments have introduced novel frameworks for providing real-time
feedback, sensorimotor measures such as active joint position sense could be leveraged
as objective performance metrics to optimize physical training. The ICAROS platform
collects biomechanical metrics during use of the device that directly affects in-game activity.
Although it is important to note that there is a system AI assistant introduced with a newer
software version (i.e., Version 2.60), there was no direct usage of this data by the AI assistant
to our knowledge. The results of the present study should therefore not be interpreted
under the assumption that there was a causal link between AJPS correction and the AI
assistant. The AI-related functionalities are a feature of the ICAROS platform but were
not the experimental variable investigated in this study. Notwithstanding, future research
should utilize the existence of this system’s AI assistant to directly and dynamically adjust
in-game tasks or difficulty using real-time feedback based on the accessible biomechan-
ical information collected by the ICAROS platform. The measure of AJPS represents a
quantifiable sensorimotor outcome that could be incorporated into future adaptive and
intelligent virtual reality systems capable of modifying task difficulty, feedback, or training
progression based on individual performance.

Several limitations should be acknowledged. First, the participant pool was modest
and limited to healthy male collegiate baseball players, which may limit generalizability
to other populations. Variability inherent to such a small sample warrants cautious inter-
pretation of these results. Second, the study examined only the acute response to a single
session. Third, the outcome measure was AJPS and did not include direct assessment
of pitching mechanics, performance, or injury-related outcomes. Fourth, the one-group
pretest–posttest design without a comparator condition does not allow for separation of the
observed changes from potential repeated-testing effects, general movement preparation,
the closed kinetic chain task itself, or the immersive virtual reality component. Although
participants completed only a single baseline assessment and one post-intervention assess-
ment within the same session, these potential confounding influences cannot be excluded.
Additionally, AJPS was assessed using a single trial per condition to minimize fatigue and
testing time; however, this approach may reduce measurement reliability compared to
multi-trial averaging and increase the influence of trial-to-trial variability or individual
observations on the estimated effect sizes, particularly in a modest sample. Future research
should evaluate whether repeated exposure to this intervention produces persistent effects,
incorporate appropriate comparator conditions to isolate the independent contribution
of immersive virtual reality, utilize multiple AJPS trials with averaged values to improve
measurement reliability, prospectively evaluate directional reproduction bias using pre-
specified analyses of signed angular error, and determine whether observed changes in
AJPS are associated with meaningful sport-specific outcomes and injury prevention. Ad-
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ditional outcome measures, such as throwing performance, neuromuscular control, and
surface electromyography, should be facilitated in further research. Collectively, these
efforts will help determine whether a single ICAROS-based session can acutely improve
shoulder joint position sense while further clarifying the contribution of directional repro-
duction bias to these sensorimotor adaptations.

5. Conclusions
The present study provides initial evidence that a brief immersive virtual reality closed

kinetic chain task using the ICAROS Lightning was associated with reduced shoulder joint
position sense (AJPS) absolute angular error on immediate post-testing in collegiate base-
ball players. These reductions were accompanied by very large within-subject effect sizes,
suggesting a meaningful acute improvement in shoulder position reproduction accuracy
based on a modest sample size. An exploratory analysis of signed angular error further
suggested reduced directional reproduction bias following the intervention. Collectively,
these findings support continued investigation of IVR-integrated closed kinetic chain ex-
ercise as a potential sensorimotor priming modality in overhead athletes and establish a
foundation for evaluating sensorimotor outcome measures within future adaptive and in-
telligent virtual rehabilitation systems. Further research is warranted to determine whether
these acute improvements in AJPS translate to meaningful changes in pitching mechanics,
performance, injury-related outcomes, rehabilitation applications, and personalized virtual
training environments.
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IVR Immersive virtual reality
AJPS Active joint position sense
MER Maximum external rotation
OKC Open kinetic chain

https://doi.org/10.3390/app16168318

https://doi.org/10.3390/app16168318


Appl. Sci. 2026, 16, 8318 10 of 11

CKC Closed kinetic chain
GIRD Glenohumeral internal rotation deficit
IR Internal rotation
ER External rotation
BIA Bioelectrical impedance analyzer
CI Confidence interval
AI Artificial intelligence
UCLA University of California, Los Angeles
VR Virtual reality

References
1. Fleisig, G.S. Biomechanics of Baseball Pitching: Implications for Injury and Performance. In Proceedings of the 28th International

Conference on Biomechanics in Sports, Marquette, MI, USA, 19–23 July 2010.
2. Fleisig, G.S.; Andrews, J.R.; Dillman, C.J.; Escamilla, R.F. Kinetics of baseball pitching with implications about injury mechanisms.

Am. J. Sports Med. 1995, 23, 233–239. [CrossRef]
3. Werner, S.L.; Gill, T.J.; Murray, T.A.; Cook, T.D.; Hawkins, R.J. Relationships between throwing mechanics and shoulder distraction

in professional baseball pitchers. J. Shoulder Elb. Surg. 2001, 10, 247–252. [CrossRef] [PubMed]
4. Fleisig, G.; Chu, Y.; Weber, A.; Andrews, J. Variability in Baseball Pitching Biomechanics among Various Levels of Competition.

Sports Biomech. 2009, 8, 10–21. [CrossRef] [PubMed]
5. Aguinaldo, A.L.; Chambers, H. Correlation of throwing mechanics with elbow valgus load in adult baseball pitchers. Am. J.

Sports Med. 2009, 37, 2043–2048. [CrossRef] [PubMed]
6. Camp, C.L.; Tubbs, T.G.; Fleisig, G.S.; Dines, J.S.; Dines, D.M.; Altchek, D.W.; Dowling, B. The relationship of throwing arm

mechanics and elbow varus torque: Within-subject variation for professional baseball pitchers across 82,000 throws. Am. J. Sports
Med. 2017, 45, 3030–3035. [CrossRef] [PubMed]

7. Wilk, K.E.; Macrina, L.C.; Fleisig, G.S.; Porterfield, R.; Simpson, C.D.; Harker, P.; Paparesta, N.; Andrews, J.R. Correlation of
glenohumeral internal rotation deficit and total rotational motion to shoulder injuries in professional baseball pitchers. Am. J.
Sports Med. 2011, 39, 329–335. [CrossRef] [PubMed]

8. Wilcox, C.L.; Plummer, H.A.; Ostrander, R.V., III. Comparison of Glenohumeral Range of Motion Deficits in Youth, Collegiate,
and Professional Baseball Players. Int. J. Sports Phys. Ther. 2021, 16, 1485–1491. [CrossRef] [PubMed]

9. Ramkumar, P.N.; Haeberle, H.S.; Navarro, S.M.; Sultan, A.A.; Mont, M.A.; Ricchetti, E.T.; Schickendantz, M.S.; Iannotti, J.P. Mobile
technology and telemedicine for shoulder range of motion: Validation of a motion-based machine-learning software development
kit. J. Shoulder Elb. Surg. 2018, 27, 1198–1204. [CrossRef] [PubMed]

10. Fares, M.Y.; Lawand, J.; Daher, M.; Suarez, J.D.; Kayepkian, T.; Koa, J.; Geagea, E.; Abboud, J.A. Glenohumeral internal rotation
deficit: Insights into pathologic, clinical, diagnostic, and therapeutic characteristics. Clin. Shoulder Elb. 2024, 27, 505–513.
[CrossRef] [PubMed]

11. Han, J.; Waddington, G.; Adams, R.; Anson, J.; Liu, Y. Assessing proprioception: A critical review of methods. J. Sport Health Sci.
2016, 5, 80–90. [CrossRef] [PubMed]

12. Aman, J.E.; Elangovan, N.; Yeh, I.L.; Konczak, J. The effectiveness of proprioceptive training for improving motor function: A
systematic review. Front. Hum. Neurosci. 2015, 8, 1075. [CrossRef] [PubMed]

13. Fox, J.A.; Luther, L.; Epner, E.; LeClere, L. Shoulder Proprioception: A Review. J. Clin. Med. 2024, 13, 2077. [CrossRef] [PubMed]
14. Dover, G.; Powers, M.E. Reliability of Joint Position Sense and Force-Reproduction Measures During Internal and External

Rotation of the Shoulder. J. Athl. Train. 2003, 38, 304–310. [PubMed]
15. Longo, U.G.; Carnevale, A.; Andreoli, F.; Mannocchi, I.; Bravi, M.; Sassi, M.S.H.; Santacaterina, F.; Carli, M.; Schena, E.; Papalia, R.

Immersive virtual reality for shoulder rehabilitation: Evaluation of a physical therapy program executed with Oculus Quest 2.
BMC Musculoskelet. Disord. 2023, 24, 859. [CrossRef] [PubMed]

16. AlHossan, A.M.; Jahhaf, R.H.; Alharbi, A.S.; Alqahtani, L.M.; Alshahrani, R.M.; Alowaidah, L.T.; Alshangiti, H.Y.; Degen, R.M.
Digital and virtual reality-based rehabilitation versus conventional therapy for rotator cuff tears and post-repair recovery: A
systematic review and meta-analysis. JSES Rev. Rep. Tech. 2025, 6, 100584. [CrossRef] [PubMed]

17. Gumaa, M.; Youssef, A.R. Is Virtual Reality Effective in Orthopedic Rehabilitation? A Systematic Review and Meta-Analysis.
Phys. Ther. 2019, 99, 1304–1325. [CrossRef] [PubMed]

18. Chua, L.K.; Jimenez-Diaz, J.; Lewthwaite, R.; Kim, T.; Wulf, G. Superiority of external attentional focus for motor performance
and learning: Systematic reviews and meta-analyses. Psychol. Bull. 2021, 147, 618–645. [CrossRef] [PubMed]

19. Golding, J.F. Predicting individual differences in motion sickness susceptibility by questionnaire. Personal. Individ. Differ. 2006,
41, 237–248. [CrossRef]

https://doi.org/10.3390/app16168318

https://doi.org/10.1177/036354659502300218
https://doi.org/10.1067/mse.2002.121481
https://www.ncbi.nlm.nih.gov/pubmed/11988726
https://doi.org/10.1080/14763140802629958
https://www.ncbi.nlm.nih.gov/pubmed/19391491
https://doi.org/10.1177/0363546509336721
https://www.ncbi.nlm.nih.gov/pubmed/19633230
https://doi.org/10.1177/0363546517719047
https://www.ncbi.nlm.nih.gov/pubmed/28806094
https://doi.org/10.1177/0363546510384223
https://www.ncbi.nlm.nih.gov/pubmed/21131681
https://doi.org/10.26603/001c.29683
https://www.ncbi.nlm.nih.gov/pubmed/34909254
https://doi.org/10.1016/j.jse.2018.01.013
https://www.ncbi.nlm.nih.gov/pubmed/29525490
https://doi.org/10.5397/cise.2023.00885
https://www.ncbi.nlm.nih.gov/pubmed/38738331
https://doi.org/10.1016/j.jshs.2014.10.004
https://www.ncbi.nlm.nih.gov/pubmed/30356896
https://doi.org/10.3389/fnhum.2014.01075
https://www.ncbi.nlm.nih.gov/pubmed/25674059
https://doi.org/10.3390/jcm13072077
https://www.ncbi.nlm.nih.gov/pubmed/38610841
https://www.ncbi.nlm.nih.gov/pubmed/14737211
https://doi.org/10.1186/s12891-023-06861-5
https://www.ncbi.nlm.nih.gov/pubmed/37919702
https://doi.org/10.1016/j.xrrt.2025.09.003
https://www.ncbi.nlm.nih.gov/pubmed/41142763
https://doi.org/10.1093/ptj/pzz093
https://www.ncbi.nlm.nih.gov/pubmed/31343702
https://doi.org/10.1037/bul0000335
https://www.ncbi.nlm.nih.gov/pubmed/34843301
https://doi.org/10.1016/j.paid.2006.01.012
https://doi.org/10.3390/app16168318


Appl. Sci. 2026, 16, 8318 11 of 11

20. Mejia-Hernandez, K.; Chang, A.; Ezzat, A.M.; Birmingham, T.B.; Lambert, R.G.W.; Chess, D.G.; MacDermid, J.C. Smartphone
applications for the evaluation of pathologic shoulder range of motion and shoulder scores—A comparative study. JSES Open
Access 2018, 2, 109–114. [CrossRef] [PubMed]

21. Heyward, V. ASEP methods recommendation: Body composition assessment. J. Exerc. Physiol. Online 2001, 4, 1–12.
22. Escamilla, R.F.; Yamashiro, K.; Mikla, T.; Collins, J.; Lieppman, K.; Andrews, J.R. Effects of a Short-Duration Stretching Drill

After Pitching on Elbow and Shoulder Range of Motion in Professional Baseball Pitchers. Am. J. Sports Med. 2017, 45, 692–700.
[CrossRef] [PubMed]

23. Myers, J.; Lephart, S. The Role of the Sensorimotor System in the Athletic Shoulder. J. Athl. Train. 2000, 35, 351–363. [PubMed]
24. Ubinger, M.E.; Prentice, W.E.; Guskiewicz, K.M. Effect of Closed Kinetic Chain Training on Neuromuscular Control in the Upper

Extremity. J. Sport Rehabil. 1999, 8, 184–194. [CrossRef]
25. Padua, D.A.; Guskiewicz, K.M.; Prentice, W.E.; Schneider, R.E.; Shields, E.W. The Effect of Select Shoulder Exercises on Strength,

Active Angle Reproduction, Single-Arm Balance, and Functional Performance. J. Sport Rehabil. 2004, 13, 75–95. [CrossRef]
26. Safran, O.; Borsa, P.A.; Lephart, S.M.; Fu, F.H.; Warner, J.J.P. Shoulder proprioception in baseball pitchers. J. Shoulder Elb. Surg.

2001, 10, 438–444. [CrossRef] [PubMed]
27. Badagliacco, J.A.; Karduna, A. College Pitchers Demonstrate Directional Differences in Shoulder Joint Position Sense Compared

With Controls. J. Sport Rehabil. 2018, 27, 301–305. [CrossRef] [PubMed]
28. Kuhn, J.E. Ligamentous restraints to external rotation of the humerus in the late-cocking phase of throwing. A cadaveric

biomechanical investigation. Am. J. Sports Med. 2000, 28, 200–205. [PubMed]
29. Mihata, T.; McGarry, M.H.; Neo, M.; Ohue, M.; Lee, T.Q. Effect of Anterior Capsular Laxity on Horizontal Abduction and Forceful

Internal Impingement in a Cadaveric Model of the Throwing Shoulder. Am. J. Sports Med. 2015, 43, 1758–1763. [CrossRef]
[PubMed]
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