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Purpose: Shoulder arthroplasty has evolved substantially in surgical technique, implant design, and indications. Careful coordination 
across the patient care pathway remains central to optimizing outcomes. Concurrently, rapid advances in digital health, wearable 
technologies, smart implants, and intraoperative innovations are being explored across orthopedics, with emerging applications in 
shoulder arthroplasty.
Objective: This narrative review synthesizes current evidence on digital technologies relevant to shoulder arthroplasty, with particular 
attention to the strength and origin of the available data.
Patients and Methods: A structured review of recent literature was performed, including primary studies in shoulder arthroplasty as 
well as relevant evidence extrapolated from hip and knee arthroplasty. Areas examined included CT-based 3D planning, navigation, 
patient-specific instrumentation, robotics, augmented/mixed reality, mobile health (mHealth) platforms, wearable devices, tele- 
rehabilitation, sensor-enabled implants, and artificial intelligence (AI).
Results: In shoulder arthroplasty, digital planning tools, navigation systems, and patient-specific instrumentation have demonstrated 
improvements in implant positioning accuracy in selected studies; however, evidence linking these technologies to superior long-term clinical 
outcomes remains limited. Robotic systems and augmented reality applications are in early investigational phases. Postoperative digital health 
tools, including tele-rehabilitation and wearable monitoring, have shown non-inferior functional outcomes compared with conventional care in 
hip and knee arthroplasty, with only preliminary and pilot data currently available in shoulder populations. Sensor-enabled implants and AI- 
based predictive models represent emerging areas of research, but external validation, workflow integration, and cost-effectiveness analyses 
remain insufficient.
Conclusion: Digital and smart health technologies in shoulder arthroplasty are evolving and largely investigational. While early 
findings and extrapolated evidence from other arthroplasty domains suggest potential benefits in planning accuracy, patient engage
ment, and outcome monitoring, robust shoulder-specific clinical validation is limited. Further prospective studies are required before 
widespread clinical adoption can be recommended. This narrative review synthesizes emerging evidence in this field, which is 
currently dominated by feasibility studies, technical reports, and early-phase clinical investigations, with limited high-level outcome 
data specific to shoulder arthroplasty.
Keywords: telemedicine, mobile applications, wearable electronic devices, telerehabilitation, robotics, augmented reality, biomedical 
technology

Background
Shoulder arthroplasty has advanced considerably with improvements in surgical techniques and implant design, leading 
to better outcomes and expanding indications for treatment.1 However, postoperative outcomes remain a critical 
determinant of long-term success, influencing functional recovery, pain management, and implant longevity. In recent 
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years, rapid innovations in digital health technologies and smart devices have transformed the landscape of orthopedic 
rehabilitation, especially after shoulder and knee surgeries, and monitoring, offering more personalized, data-driven 
approaches to care.2

Mobile health (mHealth) applications, wearable devices, remote monitoring systems, and sensor-enabled implants are 
increasingly integrated into orthopedic care pathways.3,4 mHealth applications, which have been extensively evaluated in 
hip and knee arthroplasty, offer patient education, rehabilitation instruction, pain monitoring, and secure communication. 
Studies show that these platforms can achieve outcomes comparable to traditional in-person physiotherapy. In addition, 
wearable sensors and telemedicine systems enable continuous and objective monitoring of patient activity and recovery, 
and remote rehabilitation programs have demonstrated high levels of patient engagement and satisfaction after reverse 
shoulder arthroplasty.5

Beyond patient-facing tools, intraoperative innovations such as robotics, augmented reality, and artificial intelligence 
(AI) are improving surgical precision, enhancing reproducibility, and laying the foundation for smart, connected surgical 
ecosystems. Emerging sensor-enabled implants take this a step further, providing real-time data on shoulder implant 
performance, joint loading, and potential complications before clinical symptoms arise.6

This narrative review focuses on emerging digital and smart technologies in shoulder arthroplasty, drawing primarily 
from literature published within the past decade and indexed in major medical databases, including PubMed and Embase, 
supplemented by relevant technical and pilot reports. Given the early maturity of this field, a substantial proportion of the 
available evidence consists of feasibility studies, pilot trials, and technical reports, with relatively few randomized studies 
or long-term outcome data specific to shoulder arthroplasty. For example, recent analyses of emerging technologies in 
shoulder surgery have shown that many studies focus on technical feasibility, surrogate endpoints (eg, implant position
ing accuracy), or small patient cohorts, with limited external validation Accordingly, this narrative review aims to 
synthesize current concepts and emerging technologies in shoulder arthroplasty, with a particular focus on their clinical 
applicability, level of evidence, and limitations. Specifically, this review seeks to address the following questions: (1) 
What digital and smart technologies are currently being applied across the perioperative pathway in shoulder arthro
plasty? (2) What is the current level of clinical evidence supporting their use? and (3) what are the key challenges and 
gaps that must be addressed for broader clinical implementation?

Methods
This narrative review was conducted to summarize current evidence on digital and smart technologies in shoulder 
arthroplasty. A literature search was performed using major medical databases, including PubMed and Embase, 
covering publications from January 2013 to 2026. Search terms included combinations of “shoulder arthroplasty”, 
“digital health”, “telemedicine”, “wearable sensors”, “artificial intelligence”, “robotics”, and “augmented reality”. 
Relevant peer-reviewed articles, including clinical studies, systematic reviews, and selected technical reports, were 
considered. Priority was given to studies focusing on shoulder arthroplasty; however, where shoulder-specific data 
were limited, relevant evidence from hip and knee arthroplasty or related orthopaedic fields was included to provide 
context. Given the narrative nature of this review, no formal systematic selection process or quality scoring was 
performed. Articles were selected based on relevance to the topic and contribution to current understanding. The 
included studies were qualitatively categorized according to study design (eg, randomized trials, observational 
studies, and technical or feasibility reports) to facilitate interpretation of the level of evidence Given the hetero
geneity of the literature, emphasis was placed on distinguishing between surrogate endpoints (eg, technical accuracy) 
and clinically meaningful outcomes (eg, pain, function, implant survivorship) during synthesis Given the narrative 
nature of this review, no formal quantitative synthesis or meta-analysis was performed. Accordingly, no independent 
statistical analysis was conducted. The included literature was qualitatively assessed and synthesized to provide an 
overview of current concepts, evidence levels, and emerging trends (Table 1).
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Preoperative Digital Assistance
Digital Integration and 3D Planning
Preoperative digital tools have become integral to shoulder arthroplasty, covering planning, intraoperative use, and 
postoperative evaluation. CT-based 3D reconstructions can already be considered standard practice in the virtual planning 
of glenoid inclination, version, implant sizes and alignment (especially of the base plate).7 Another aspect is the planning 
of osseous polyethylene or metallic wedges or even customized 3D printing for drilling templates or even implants for 
glenoid deformities or substance loss.8 For example, recent studies have demonstrated the use of CT-based 3D planning 
platforms combined with patient-specific instrumentation (PSI) to optimize glenoid component positioning and improve 
agreement between planned and achieved implant alignment. In addition, automated planning tools incorporating 
statistical shape modeling and AI-assisted segmentation have been shown to enhance reproducibility and reduce user- 
dependent variability in preoperative planning. These approaches allow surgeons to simulate different implant config
urations, assess bone stock, and preoperatively optimize fixation strategies in cases of complex deformity or bone 
loss.7,9–12 Compared with traditional 2D imaging, 3D reconstruction provides a more accurate understanding of glenoid 
morphology, deformity, and wear patterns. The vault model described by Iannotti et al has been foundational in this 
regard, enabling improved assessment of glenoid version, inclination, and bone stock relative to the scapular plane. This 
has helped mitigate known limitations of 2D imaging, which can be misleading and may influence implant selection, 
component positioning, and anatomic and kinematic considerations. In cases of severe bone loss, 3D planning addition
ally supports the use of augmented or patient-specific implants, although their role remains controversial and surgeon 
preference varies.13

Table 1 Summary of Technologies, Clinical Applications, and Evidence in Shoulder Arthroplasty

Technology Application Evidence Findings Limitations

3D Planning & 
Digital Integration

Preoperative 
planning

Level III–IV Improved understanding of glenoid 
morphology; better implant sizing and 

alignment

Limited evidence for improved 
clinical outcomes (eg, pain, revision 

rates)

Patient-Specific 
Instrumentation 
(PSI)

Preoperative/ 
Intraoperative

Level III–IV Improved accuracy of implant positioning 
compared to freehand techniques

Mixed evidence on long-term 
outcomes; surgeon-dependent 

variability

Navigation Systems Intraoperative Level II–III Increased accuracy of glenoid component 
positioning; improved screw placement

Increased operative time; unclear 
impact on clinical outcomes

Robotics 
(eg, ROSA, 
experimental 
MAKO)

Intraoperative Level IV 

(technical 
reports)

High precision in implant positioning; 

reproducibility

Limited to feasibility studies; lack of 

clinical outcome data

Augmented/Mixed 
Reality (AR/MR)

Intraoperative Level III–IV Improved visualization and alignment 
guidance; promising accuracy in cadaveric/ 

early studies

Limited clinical validation; 
workflow and hardware limitations

Artificial 
Intelligence (AI)

Pre-, intra-, 

postoperative

Level III–IV Predictive modeling (LOS, complications); 

automated imaging analysis

Limited external validation; unclear 

clinical impact

mHealth 
Applications

Postoperative Level I–II 
(mainly hip/ 

knee)

Comparable outcomes to in-person rehab; 
improved adherence and engagement

Limited shoulder-specific data; 
heterogeneity of apps

Tele-rehabilitation Postoperative Level I–II (non- 
shoulder 

dominant)

Non-inferior to conventional physiotherapy 
for pain and function

Limited long-term data; 
extrapolation to shoulder required

Wearable Sensors Postoperative 
monitoring

Level II–III Objective tracking of ROM and activity; 
improved patient engagement

Surrogate endpoints; limited 
correlation with clinical outcomes

Smart Implants 
(Sensor-enabled)

Intra-/ 

Postoperative 
monitoring

Experimental/ 

Level IV

Real-time data on joint loading, alignment, 

and implant performance

Early-stage technology; no proven 

clinical benefit yet
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Challenges and Implementation Barriers of Technology
Most of the challenges of using digital perioperative solutions are the costs including equipment and licensing costs. 
Other aspects include the necessary adaptation of workflows with corresponding logistics and learning curves for the 
application. Head-mounted AR solutions also affect wearing comfort with possible transmission latency compared to 
navigation. Many digital applications still require clear cost-benefit evidence and evidence of benefit. Evidence on hard 
clinical endpoints is still limited in some cases or focused on feasibility and cadaver studies.

Among AI applications is eg the documentation with AI scribes for automated speech recognition during operations 
and following surgical and nursing documentation as well a guidance of logistics with re-ordering of used materials.14 

Big data from preoperative 3D planning, intraoperative navigation or robotics with AI-supported image and motion 
analysis with respective registries will furthermore form the basis for continuous outcome learning and digital twin- 
supported patient-specific simulations.15 While several studies demonstrate improved implant positioning accuracy and 
reproducibility with navigation or patient-specific instrumentation, these outcomes represent surrogate technical end
points. Current evidence remains limited regarding whether enhanced alignment precision translates into improved pain 
relief, functional outcomes, complication reduction, or long-term implant survivorship.

Current and emerging roles of artificial intelligence (AI) in shoulder surgery, emphasizing its growing impact on 
clinical practice. Present-day applications include automated imaging analysis for diagnosing rotator cuff tears and other 
pathologies, surgical planning tools, risk prediction models for complications, and systems for tracking patient 
outcomes.16 Current research primarily focuses on technical metrics such as classification or object detection rather 
than clinical outcomes. These findings highlight that while AI has potential to enhance intraoperative decision-making 
and precision, its integration into surgical practice remains limited, emphasizing the need for standardized frameworks, 
clinical validation, and careful evaluation of safety and effectiveness.17 Importantly, many reported improvements relate 
to technical accuracy or process metrics, and should not be interpreted as direct evidence of improved clinical outcomes 
without prospective validation.

Intraoperative Innovations
Navigation, AR, and Robotics
Intraoperative assistance and robotic technologies are ameliorating modern orthopedic surgery, particularly in shoulder 
arthroplasty, by aiming to improve surgical precision, reproducibility, and consistency of implant placement.

Emerging technologies including navigation, augmented/mixed reality (AR/MR), and robotics are improving preci
sion and reproducibility. In a recent clinical series on RSA with CT-based planning and additional navigation, similar 
radiological and functional results were observed compared to standard procedures with fewer screws with longer lengths 
in the navigated group but also a longer surgical time.18 Commercial digital planning tools are possible for both 
anatomical and reverse shoulder prostheses. Intraoperative technology plays an increasingly important role in improving 
the precision and reproducibility of shoulder arthroplasty. Innovations include robotic arm assistance, navigation systems, 
augmented reality (AR), and intraoperative feedback tools that enhance surgical accuracy and may improve implant 
longevity.17 Patient-specific implants (PSI) based on digitally 3D-printed drilling templates are useful for glenoid 
guidance compared to freehand techniques; PSI and custom-made implants are particularly important in cases of complex 
defects.19,20 Navigation with real-time feedback on drilling directions and implant positioning is highly beneficial. Initial 
reliable clinical data show more precise version/inclination and more efficient screw placement, especially of the glenoid 
components in RSA.20,21 Mixed reality and augmented reality systems display planning data in the surgical field of view 
via head-mounted displays.22 From a clinical perspective, the relevance of these findings depends on whether improve
ments in technical performance translate into meaningful benefits for patients, including reduced pain, improved 
function, or lower revision rates. However, these findings are largely based on surrogate endpoints such as implant 
positioning accuracy or short-term functional measures and should not be assumed to translate into improved patient- 
reported outcomes or long-term implant survivorship without further validation. Preclinical and clinical studies in 
shoulder arthroplasty show low deviations between planning and postoperative results, in general, navigation appears 
to be superior to freehand execution and equal to PSI23 Current preliminary studies also report higher precision for 
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glenoid preparation in RSA compared to manual implantation or PSI.24 However, it must be emphasized that shoulder 
robotics is still in its very early stages compared to hip and, above all, knee arthroplasty.25 Robotic assistance in shoulder 
arthroplasty is beginning to move from concept toward clinical reality with data being scarce. One key milestone was the 
world’s first robotic-assisted shoulder replacement, which was performed at Mayo Clinic by John W. Sperling following 
FDA 510(k) clearance of the ROSA Shoulder system in 2024 (Zimmer Biomet, Warsaw, Indiana, USA). The ROSA 
platform designed for both anatomic and reverse shoulder replacement enables preoperative planning, intraoperative 
feedback, and more precise implantation of glenoid and humeral components. Early reports describing robotic-assisted 
shoulder arthroplasty, including the ROSA Shoulder system, are primarily technical descriptions and feasibility reports 
rather than peer-reviewed clinical outcomes studies. These reports demonstrate workflow integration and technical 
accuracy but do not yet provide robust data on patient-reported outcomes, complication rates, or long-term implant 
survivorship.26 In parallel, the Mako system (Stryker, Lauderdale by the Sea, Florida, USA) is being adapted experi
mentally for shoulder procedures, particularly for controlled glenoid preparation using haptic guidance, and has been 
discussed in the literature as a promising tool to enhance baseplate positioning accuracy.27

However, current evidence remains limited to preclinical studies and technical feasibility reports, without established 
clinical outcome data in shoulder arthroplasty.

Robotic Arm Assistance, while predominantly utilized in hip and knee arthroplasty, holds significant future potential 
for optimizing bone preparation and humeral cuts in shoulder surgery, enhancing accuracy in component positioning.14 

These systems allow surgeons to execute patient-specific plans with greater consistency. Navigation Systems provide 
real-time intraoperative guidance and feedback, which has been shown to improve the accuracy of glenoid component 
positioning, maximize baseplate fixation, and substantially reduce malposition. Systems such as ExactechGPS 
(Gainesville, Florida),28 for instance, offer dynamic real-time feedback for screw trajectory and length during reverse 
total shoulder arthroplasty, leading to longer and more effective screw fixation compared to non-navigated procedures.29 

Preoperative planning, particularly with 3D computed tomography (CT) images and patient-specific instrumentation, has 
been demonstrated to significantly enhance the agreement between the ideal planned position and the final implanted 
position of components. While navigation can increase surgical time, potentially due to a learning curve, studies have 
reported significantly improved accuracy in glenoid component placement, reducing errors in version from, for example, 
10.6 degrees without navigation to 4.4 degrees with navigation.29 However, limitations include higher costs, potential 
intraoperative malfunctions, and a lack of easy portability.

Augmented Reality and Mixed Reality Applications
Augmented Reality (AR) and Mixed Reality (MR) technologies in shoulder arthroplasty offer an approach, providing 
improved visualization of anatomy and implant alignment by projecting preoperative plans directly onto head-mounted 
displays (HUDs) worn by the surgeon.10 This allows surgeons to remain focused on the operative field while receiving 
real-time information on implant version, inclination, entry point, and reaming depth. AR/MR can address some 
disadvantages of patient-specific instrumentation and pure navigation by offering real-time feedback with simplified 
overlay processes. For example, the Microsoft HoloLens has been used in cadaveric shoulder studies to guide glenoid 
guide-pin placement with high accuracy, demonstrating mean trajectory errors significantly lower than free-hand 
techniques.6 More advanced systems, like NextAR (Medacta International SA, Castel San Pietro, Switzerland),30 

combine MR with intraoperative navigation, providing real-time planned-versus-actual trajectory information for all 
steps of glenoid component placement. These technologies not only improve accuracy but also hold promise for surgical 
training and tele-mentoring.

Artificial Intelligence and Predictive Analytics
The broader application of Artificial Intelligence (AI) and Machine Learning (ML) is increasingly evident, leveraging 
large, complex datasets to support clinical decision-making before, during, and after shoulder surgery.6 AI models can 
predict length of hospital stay, healthcare costs, clinical outcomes, and complications, thereby personalizing care and 
optimizing resource allocation. However, these findings are largely based on surrogate endpoints such as prediction 
accuracy and model performance, and their translation into meaningful improvements in clinical outcomes remains 
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uncertain. In postoperative care and rehabilitation, AI algorithms can analyze continuous data from wearable devices to 
objectively assess functional recovery and rehabilitation compliance.6 For instance, in patients with adhesive capsulitis, 
wearable motion sensor devices coupled with mobile applications allowed for personalized home-based exercises and 
remote supervision, leading to better and faster improvements in shoulder ROM compared to traditional methods.31 AI 
also enhances surgical robotic systems by improving their ability to recognize complex environments, make predictions, 
and execute tasks with superior precision and efficiency.32

While these technologies present advantages, including reduced surgical variability, increased consistency of 
shoulder implant placement, and the potential for improved shoulder implant longevity and functional outcomes, 
their widespread adoption is tempered by acknowledged limitations such as higher costs, longer operating times, and 
the necessity for a significant learning curve.24 In addition, recent evidence from machine learning (ML) applications 
in shoulder arthroplasty suggests that predictive analytics are emerging: a systematic review by Schneller et al 
identified 25 studies applying ML to total shoulder arthroplasty (TSA), of which ~40% used imaging data and 
~60% used tabular clinical data. In those studies, several models achieved fair to good performance in predicting 
clinical outcomes, yet only three underwent external validation, pointing out challenges in transparency and 
generalizability.33

Ethical considerations, data security, and privacy also require robust frameworks for successful implementation in 
clinical settings.34 In addition, improvements in accuracy, precision, and monitoring represent surrogate endpoints and 
should not be presumed to improve pain, function, or long-term implant survivorship. Current evidence remains mixed 
regarding whether enhanced measurement translates into better clinical outcomes.

Postoperative Management
Postoperative Rehabilitation and Monitoring
Mobile applications designed for postoperative care can deliver personalized rehabilitation plans, pain-tracking tools, and 
medication reminders. Studies have shown mHealth apps can improve engagement, adherence, and patient satisfaction in 
orthopedic populations.35 Apps such as myRehab (My Rehab Pro LLC, Louisville, Kentucky, USA), and custom 
institution-based tools are increasingly integrated into care pathways for shoulder arthroplasty.36

Smartphone apps are increasingly embedded into perioperative pathways for hip, knee and shoulder procedures. 
Typical features include education, day-by-day rehab plans with video exercises, medication and wound-care reminders, 
secure messaging, and symptom/PROMs capture often integrated with the EHR via standards such as FHIR. Early 
implementation work in knee arthroplasty shows that institution-built apps can streamline education and PROMs 
collection and are feasible at scale within clinical workflows.37

Tele-Rehabilitation and App-Supported Programs
On effectiveness, a strong body of evidence comes from tele-rehabilitation and app-supported home programs after total 
knee and hip arthroplasty. Multiple randomized and comparative studies indicate that remote, app-enabled rehabilitation 
is generally non-inferior to conventional in-person physiotherapy for pain, function, and range of motion. Meta-analyses 
report small to moderate effect sizes, with standardized mean differences typically ranging from approximately −0.1 to 
0.3 across key outcomes, and no clinically meaningful differences between groups. These findings support remote 
delivery as a viable alternative when appropriately implemented.38

In addition, patient engagement and satisfaction are generally high when content is tailored and reminders are used; 
orthopedic cohorts report favorable perceptions of app usefulness for recovery monitoring and communication. Apps can 
also improve completion of patient-reported outcomes by enabling push-prompted submissions outside clinic visits.37 At 
the same time, multiple reviews caution that clinical impact estimates vary because apps differ widely (content, coaching 
intensity, sensor use) and studies often have short follow-up or moderate risk of bias. Key implementation risks include 
digital literacy barriers in older adults, variable adherence once novelty fades, data privacy/security obligations, and the 
need for interoperability with clinical systems to avoid parallel shadow workflows.39
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In postoperative orthopedics, mHealth apps can feasibly deliver personalized rehab plans, track pain and function, and 
support medication/education tasks while maintaining outcomes comparable to traditional care, especially for knee 
arthroplasty, provided programs address engagement, equity, and integration.40

Interestingly, to date, there are no definitive clinical mHealth apps targeting postoperative rehabilitation in shoulder 
arthroplasty. Only one known pilot trial has evaluated a smartphone-based chatbot for postoperative RSA rehabilitation, 
demonstrating improved adherence and potential functional benefits, while another is currently underway as a multi- 
center RCT. Additionally, work exists on mobile versions of outcome measures and shoulder pain apps, but not 
rehabilitation-specific applications.41

Wearables and Objective Functional Monitoring
In addition, the integration of wearable digital tools into rehabilitation after shoulder surgery significantly enhances patient 
activation, motivation, and engagement.31,42,43 These technologies facilitate continuous tracking of physical activity and joint 
motion in real-world environments, overcoming the limitations of traditional clinical assessments and yielding objective, 
quantitative data.44–46 Common device types include motion sensors, such as Inertial Measurement Units (IMUs) and 
magneto-Inertial Measurement Units (M-IMUs), which incorporate accelerometers, gyroscopes, and often magnetometers 
to track 3D orientation and shoulder joint angles.47 While research may utilize multiple sensors affixed to the thorax, scapula, 
and arm to capture detailed kinematics, at-home applications often employ simpler configurations of one or two sensors (eg 
bracelet-type smartwatch) wearables) to reliably measure shoulder Range of Motion (ROM).48 Smartwatches also employ 
integrated inertial sensors for exercise recognition and motion monitoring, espespically scapular kinematics.49 Furthermore, 
EMG-based wristbands measure muscle activation to guide rehabilitation progress.34 In clinical applications, these technol
ogies enable the quantification of range of motion in real-world settings, which is crucial for assessing treatment and 
rehabilitation outcomes, surpassing the subjectivity of conventional scales although it has to be noted that accuracy is limited 
and better suited to detect activities rather than exact ROM.43 However, these findings are largely based on surrogate endpoints 
such as activity levels and range of motion, and do not necessarily reflect improvements in patient-reported outcomes or long- 
term recovery. This objective motion data complements, the insights gained from conventional patient-reported outcome 
measures (PROMs), which remain the standard for assessing a patient’s subjective experience of pain and function. Wearables 
will become instrumental in monitoring compliance with rehabilitation protocols, as mobile applications and online portals 
empower therapists to remotely track patient progress and enhance adherence.43 The detection of deviations from prescribed 
exercise routines is augmented by AI and machine learning models that provide real-time feedback and movement analysis, 
leading to customized treatment plans.31 This capability also facilitates real-time feedback and adjustments by clinicians, 
allowing them to provide remote guidance to patients and modify exercise programs based on performance.50

Demonstrated efficacy in postoperative shoulder arthroplasty rehabilitation is particularly promising.6 A randomized con
trolled trial by Marley et al31 showed that gamified exergame therapist-supported therapeutic exercises delivered via motion- 
tracking games that provide real-time feedback, scoring, and progressive challenges, yielded comparable improvements in active 
ROM and patient-reported outcomes (Oxford Shoulder Score, DASH-Score) to standard physiotherapy following arthroscopic 
shoulder surgery. This indicates that a progressive schedule of exergames, prescribed and remotely monitored by 
a physiotherapist, serves as an effective rehabilitation program. Wearable devices provide insights into postoperative fatigue, 
pain, and overall recovery by monitoring sleep patterns after rotator cuff repair or total shoulder arthroplasty, with sleep metrics 
correlating with patient-reported outcomes.46 Despite these benefits, significant challenges remain. Wearable technologies enable 
objective tracking of motion, activity levels, and rehabilitation adherence. However, these metrics primarily reflect surrogate 
markers of recovery, and robust evidence linking real-world monitoring data to superior patient-reported outcomes or long-term 
functional improvement in shoulder arthroplasty is currently lacking. Other key challenges include data privacy concerns, the 
“digital divide” limiting access for some patients, and a documented tendency for patient compliance to decrease significantly 
over time.
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Smart Implants and Sensor-Enabled Monitoring
Similar, analogous to existing tendencies in knee and hip surgery, smart implants are also gaining importance in shoulder 
arthroplasty, giving information about instabilities, infections and maybe already intraoperatively, pressure/tension 
related strength vectors leading to later acromion insufficiency fractures.51

Smart implants with embedded sensors, coupled with advanced intraoperative technologies, are shaping orthopaedic 
surgery, enabling greater precision, personalization, and improved patient outcomes. These innovations are designed to 
provide objective, real-time data that augments traditional clinical assessments and surgical techniques.

Smart implants represent a significant leap forward, incorporating embedded sensors directly within prosthetic 
components to offer both therapeutic and diagnostic capabilities.30 These systems are capable of real-time measurement 
of crucial parameters such as joint loading, alignment, temperature, range of motion (ROM), pressure, strain, and 
proximity, with data often transmitted wirelessly to external systems.30 This constant flow of objective, quantitative 
data provides insights unattainable through other means, enabling physicians to proactively manage treatment, detect 
complications early, and refine recovery pathways.43

In the area of shoulder arthroplasty, developmental prototypes and early-stage commercial solutions are emerging 
with the potential to identify complications such as implant loosening, overloading, and mechanical failure even before 
clinical symptoms manifest.43 For instance, the application of strain gauges for in vivo measurement of shoulder forces 
during shoulder arthroplasty exemplifies this diagnostic capability. While not all sensor technologies are directly 
transferable to shoulder arthroplasty, broader orthopaedic applications demonstrate the potential of real-time implant 
monitoring. Similar advancements extend to hip arthroplasty, where sensors measure joint contact forces and tempera
ture, and inductive proximity sensors detect early implant loosening with high sensitivity.34 In knee arthroplasty, 
multiaxial force-sensing implants with strain gauges have elucidated peak forces during daily activities, leading to 
refinements in implant design and postoperative rehabilitation strategies52 Commercial systems like OrthoSensor (ERA- 
SENSETM) provide real-time intraoperative tibiofemoral force distribution and soft tissue balance data, thereby 
improving surgical precision and potentially reducing complications. Furthermore, spinal fusion monitoring benefits 
from implantable sensors that assess fusion progression and measure in vivo loads on vertebral body replacements and 
internal fixators.52 Temperature-sensing implants are also being explored for early detection of peri-implant infections 
across various orthopaedic applications. Bergmann et al provided historical proof of concept for in vivo load sensing but 
are limited by small samples, outdated implant designs, and exclusive use of hemiarthroplasty implants. These studies 
showed that glenohumeral contact forces can exceed body weight, particularly during lifting and pushing activities, with 
peak forces reported between 70–170% of body weight.53,54 These data therefore demonstrate feasibility rather than 
directly supporting current smart implant applications, which require modern validation. Sensor-enabled implants offer 
the potential for real-time monitoring of implant loading and alignment, yet the clinical relevance of these measurements 
remains investigational. At present, many digital and smart health innovations in shoulder arthroplasty primarily improve 
how data are collected, monitored, and analyzed, rather than directly demonstrating improvements in clinical outcomes.

Emerging Evidence and Future Directions
Despite these promising developments, challenges persist. The integration of current sensor technology often necessitates 
significant modifications to existing implant designs, which can be technically complex, costly, and potentially compro
mise implant performance. Other limitations include power requirements for wireless sensors, biocompatibility issues, 
limited data storage capacity in very small implants, and the crucial need for robust data security and privacy measures. 
The body’s immune response to implanted devices, treating them as foreign bodies, also remains a concern. While 
groundbreaking, the research was limited by small sample sizes, the use of older implant designs, and measurements 
taken only in hemiarthroplasty cases, not total shoulder replacements. Additionally, these studies were performed before 
the introduction of the Medical Device Regulation (MDR), making the data less representative of modern implants. 
Despite these limitations, these datasets remain the only available in vivo measurements to date and are still referenced 
by companies such as Orthosensor. Overall, smart implants represent a promising frontier in medical device technology, 
with potential to improve disease monitoring, reduce invasive follow-ups, and offer more responsive, personalized care.55
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Telemedicine platforms, leveraging data from implants and wearables allow virtual follow-up visits, and integrated 
remote monitoring systems provide real-time tracking to support timely intervention. Remote rehab programs have 
shown non-inferiority to in-person care in shoulder surgery populations,56 and systems like ViViRA (Vivira Health Lab 
GmbH, Berlin, Germany) and Force Therapeutics (Force Therapeutics LLC, New York, NY, USA) have been piloted in 
shoulder arthroplasty pathways to deliver home-based physical therapy with clinician oversight.57 A recent meta-analysis 
of 10 randomized trials (n = 497) evaluated telemedicine for rotator cuff–related shoulder disorders; none of the trials 
involved shoulder arthroplasty. The study found that telemedicine was associated with greater improvements in shoulder 
function, increased range of motion, and reduced pain compared to conventional in-person care, both immediately after 
treatment and at follow-up. These findings suggest that telemedicine can be an effective alternative or complement to 
traditional rehabilitation for rotator cuff conditions, though larger, standardized studies with longer follow-up are needed 
to confirm long-term benefits.56

Looking ahead, AI has the potential to transform shoulder care by supporting personalized treatment decisions, 
enhancing surgical precision through integration with robotic systems, and streamlining workflows with predictive 
analytics. However, challenges remain around data privacy, algorithm bias, validation, and clinical integration. The 
authors stress the need for rigorous testing and standardization to ensure AI delivers safe, reliable, and equitable 
improvements in patient care.

Emerging digital health apps bolster this predictive capacity. Akina Cloud (Akina Ltd, Zurich, Switzerland) supports 
home rehabilitation after shoulder arthroplasty by providing structured exercise programs, real-time feedback via AI 
motion analysis, and remote therapist oversight to monitor adherence and biomechanics.48 In Korea, groups have applied 
deep-learning models to intra-operative arthroscopic images and to pre-operative clinical/imaging data to estimate re-tear 
risk and functional recovery; in one study, a DenseNet model reached ~91% test accuracy (specificity 0.93, sensitivity 
0.84).58

Challenges, Costs, and Implementation Barriers
Despite these advances, major implementation gaps remain: heterogeneous sensor hardware and algorithms limit cross- 
study comparability, data quality and validity in pathological shoulder kinematics require further validation, explanations 
of ML (“black box” issues) and transparency remain limited, integration into existing clinical workflows and EHRs is 
nascent, regulatory and data-privacy hurdles are unresolved, and large pragmatic trials demonstrating clinical- and cost- 
effectiveness in shoulder arthroplasty populations are still scarce. Collectively, remote monitoring systems enriched by 
AI and outcome prediction models hold substantial promise for shoulder arthroplasty care from preoperative planning, 
through postoperative rehabilitation to long-term follow-up but realizing this potential will require rigorous external 
validations, better reporting standards, and alignment with clinical practice.

Conclusion
Collectively, while digital and smart technologies in shoulder arthroplasty demonstrate considerable potential, the current 
evidence base remains heterogeneous and is largely composed of feasibility studies, technical reports, and small clinical 
series. High-level evidence demonstrating improvements in patient-centered outcomes, complication rates, or long-term 
implant survivorship is still limited. As such, the clinical impact of many of these innovations remains to be clearly 
established. Advances in digital health, smart devices, and intraoperative technologies are poised to reshape the land
scape of shoulder arthroplasty care. Mobile health apps and telemedicine platforms have already demonstrated the ability 
to support education, remote rehabilitation, and patient-reported outcome collection, with strong evidence of effective
ness in hip and knee arthroplasty and emerging pilot studies in shoulder surgery. Wearables and remote monitoring 
systems provide objective, real-world data on patient activity and recovery, while smart implants offer the potential for 
continuous, in vivo monitoring of implant performance and early detection of complications. Intraoperative innovations 
such as robotics, augmented reality, and AI-driven decision support promise to enhance surgical precision and optimize 
implant longevity. Together, these technologies represent a shift toward personalized, data-driven, and proactive care, but 
widespread implementation will require rigorous clinical validation, strategies to ensure equity and patient engagement, 
and seamless integration into healthcare systems to truly realize their transformative potential. An important limitation of 
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the current evidence includes the relative scarcity of shoulder-specific data evaluating digital and smart health technol
ogies across the perioperative pathway. Much of the strongest evidence supporting mHealth platforms, tele-rehabilitation, 
wearable monitoring, and intraoperative assistive technologies comes from hip and knee arthroplasty, where digital 
workflows have been implemented and studied at larger scale. This gap underscores the need for prospective, shoulder- 
focused validation to determine true clinical effectiveness, cost-efficiency, and integration feasibility before widespread 
adoption.

Nonetheless, emerging technologies, mobile health apps, wearable sensors, remote monitoring, prediction models, 
and sensor-enabled smart implants are transforming postoperative and intraoperative management in shoulder arthro
plasty. The addition of AI-driven prediction tools (eg the ML models reviewed by Schneller et al,33 and app-based 
systems such as Akina Cloud,48 and ANAPPA,58 suggest a future in which treatment is more personalized, outcome 
forecasts are more accurate, and patients are more engaged in their recovery. However, achieving this future depends on 
overcoming challenges of external validation, data standardization, and regulatory oversight, as well as integration into 
clinical workflows and EHRs. Overall, the integration of digital and smart technologies represents a shift toward more 
data-driven and personalized care. However, current advances primarily enhance measurement, monitoring, and technical 
precision rather than directly improving clinical outcomes. Future research should prioritize high-quality, prospective 
studies with standardized outcome measures to determine whether these technologies translate into meaningful clinical 
benefit and cost-effectiveness in shoulder arthroplasty.
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