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          Continuous bladder function monitoring is essential for the diagnosis and management of urological disorders; however, conventional methods such as catheter-based urodynamic studies are invasive, uncomfortable, and unsuitable for long-term use. Recent advances in flexible electronics, soft materials, and wireless communication have enabled the development of wearable and implantable bioelectronics that support real-time, continuous, patient-friendly bladder monitoring. This review summarizes progress across key modalities, namely, ultrasound- and bioimpedance-based wearable platforms, strain gauge-based implantable platforms, and multimodal implantable systems, which combine sensing with electrical stimulation. Their respective advantages, limitations, and potential clinical applications are discussed. In the future, the integration of multi-parameter systems, energy harvesting, and artificial intelligence-driven analytics could transform these devices into intelligent, self-regulating platforms that not only monitor but also actively manage bladder health. Such innovations are promising for advancements in personalized urological care from episodic clinical assessments toward continuous, adaptive interventions.
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      1. INTRODUCTION
      Lower urinary-tract disorders, including an overactive bladder, urinary incontinence, a neurogenic bladder, and post-surgical recovery, are prevalent urological conditions that significantly impair the quality of life and impose a substantial economic burden on patients, caregivers, and health systems [1-5]. These disorders affect both men and women across different age groups and are closely associated with increased comorbidities and higher healthcare utilization. Neurogenic bladder dysfunction frequently arises in neurological conditions such as multiple sclerosis and spinal cord injury, necessitating structured, long-term monitoring to prevent urinary tract complications, preserve renal function, and optimize patient outcomes [6,7].

      Given their high prevalence, associated comorbidities, and risk of long-term complications, accurate and continuous monitoring of bladder function is essential for the effective diagnosis and management of these disorders [8-11]. Conventional diagnostic approaches, such as catheter-based urodynamic studies, provide valuable physiological insights but are limited by their invasive nature, patient discomfort, infection risk, intermittent measurement, and high medical costs (Fig. 1 (a)) [12,13].

      
        
        

        Fig. 1. 
				
        

        
          Overview of wireless bioelectronics for bladder function monitoring. (a) Limitations of catheter-based urodynamic studies, including patient discomfort, infection risk, intermittent measurement, and high medical costs. (b) Wireless bioelectronics for bladder function monitoring, comprising wearable platforms based on ultrasound and bioimpedance technologies and implantable platforms employing strain gauge-based technologies and multimodal systems that integrate sensing with electrical stimulation.
        
        

        

      

      Early efforts to address these limitations focused on bladder-monitoring systems capable of recording data over extended periods without requiring the continuous presence of healthcare personnel [14-22]. Many of these prototypes relied on wired connections to external hardware for power and data acquisition [23,24]. Although this configuration enabled continuous measurements and introduced modalities such as ultrasound patches and bioelectrical impedance analysis, dependence on cables resulted in bulky form factors, restricted patient mobility, and increased susceptibility to motion artifacts.

      Advances in flexible electronics, low-power circuitry, soft materials, and wireless communication protocols have driven the transition to fully wireless bioelectronic platforms [25-32]. By integrating sensing, power management, and data transmission into compact, skin-conformal, or implantable form factors, these wireless systems overcome the primary limitations of their wired predecessors, eliminating cable constraints, improving comfort, and enabling long-term, real-time continuous monitoring [25,27,33-37]. This wireless paradigm is also consistent with broader trends in digital healthcare, where remote patient monitoring, cloud-based data analytics, and personalized intervention strategies are becoming central to chronic disease management [35,38]. As research advances, wireless bladder function monitoring systems are evolving toward wearable platforms based on ultrasound- and bioimpedance-based technologies, as well as implantable platforms employing strain gauge-based technologies and multimodal systems that combine sensing with electrical stimulation, thereby setting the foundation for more proactive and individualized urological care (Fig. 1 (b)) [17,25-29].

      In this review, we first examine the recent developments in wireless wearable bioelectronics for bladder function monitoring, focusing on key sensing technologies and representative designs. We then discuss wireless implantable bioelectronics, highlighting strain-gauge-based and multimodal systems that integrate sensing with electrical stimulation. Finally, we discuss practical considerations and remaining challenges, including long-term biocompatibility, signal reliability, power management, and artificial intelligence-driven analytics, and outline future research directions aimed at advancing these technologies toward reliable, patient-centered clinical deployment.

    

    

  
    
      2. WEARABLE PLATFORMS
      Wireless wearable bioelectronics for bladder function monitoring have translated broader technological advances into practical, patient-friendly tools [15,25]. These noninvasive systems overcome the limitations of intermittent, invasive catheter-based urodynamic studies. By integrating skin-interfaced platforms with miniaturized, low-power electronics, they enable continuous and quantitative monitoring of bladder function without compromising patient mobility or comfort.

      Depending on the sensing technology, such as ultrasound-based wall distance measurement or bioimpedance analysis, wearable devices can capture volumetric trends, detect bladder filling patterns, and generate actionable data for clinical decision-making [38,39]. This capability enables real-time, continuous monitoring in both home and hospital settings, supports management strategies for bladder-related diseases, and creates opportunities for preventive care and early detection [3]. Ultimately, wearable bioelectronics for bladder function monitoring represent a pivotal step toward personalized digital healthcare systems in next-generation urological care.

      
        2.1 Ultrasound-based technologies
        Wearable ultrasound-based devices use acoustic time-of-flight measurements to continuously monitor bladder filling and emptying [25,26]. These devices estimate bladder volume noninvasively by transmitting and receiving ultrasound waves through the lower abdomen. When combined with flexible transducer arrays and soft, skin-conformal packaging, ultrasound technology offers a comfortable, gel-free option suitable for extended daily use.

        Figs. 2 (a)–(c) illustrate a wireless ultrasound patch that integrates miniature piezoceramic transducers, control electronics, and Bluetooth low-energy (BLE) communication into a thin, soft platform [25]. The device adheres to the suprapubic area, emits ultrasonic pulses, and detects echoes from the bladder walls to calculate bladder volume. Its multi-layer construction consists of a bio-adhesive elastomer, a matching layer, and an encapsulated, flexible printed circuit board (PCB) (Fig. 2 (b)). The compact, lightweight form factor (Fig. 2 (c)) enables patients to move freely while continuously transmitting bladder volume data to a mobile device. An air-backed transducer design enhances sensitivity (≈4-fold higher SNR than a backed commercial transducer) and enables clear wall echoes at low drive voltages (~30 V).

        
          
          

          Fig. 2. 
				
          

          
            Wearable ultrasound-based device for bladder volume monitoring.	(a) Schematic of the device positioned on the lower abdomen to emit and receive ultrasonic pulses. (b) Exploded view of the multilayer structure, comprising bio-adhesive elastomer, acoustic matching layer, piezoceramic transducers, flexible PCB, and encapsulation. (c) Photograph of the flexible ultrasonic transducer array. Adapted from Ref. [25].
          
          

          

        

        This study demonstrates how the monolithic integration of sensing, control, power, and wireless communication within a body-conformal form factor can enable accurate, continuous, and real-time bladder volume tracking. It provides a foundation for future wireless bladder monitoring systems designed for clinical translation and at-home management of urological disorders [10,25].

      

      
        2.2 Bioimpedance-based technologies
        Wearable bioimpedance-based devices estimate bladder volume by measuring the electrical resistance and reactance of tissues in the suprapubic region. Because urine exhibits higher conductivity than the surrounding tissues, bladder filling induces predictable changes in bioimpedance [26,39]. This approach supports simple, low-power hardware designs that operate with dry electrodes. Consequently, bioimpedance-based devices provide high wearability and are well-suited for the long-term monitoring of bladder function.

        Fig. 3 shows a representative example of a bioimpedance-based device for bladder function monitoring [26]. Fig. 3 (a) illustrates the physiological mechanism of urination and the neural pathways involved in bladder control, highlighting bladder-related disorders that necessitate continuous monitoring. The device integrates flexible chitosan–glycerol composite electrodes (Fig. 3 (b)) with a compact electronic module containing a microcontroller, signal processing circuitry, a rechargeable battery, and BLE communication (Fig. 3 (c)–(d)). Designed as a patch that adheres to the suprapubic area (Fig. 3 (e)), it delivers a low-amplitude alternating current through the electrodes, continuously measuring impedance changes that correlate with bladder filling. Data are transmitted wirelessly to a mobile device for real-time visualization and storage, enabling remote monitoring without restricting mobility. In human testing, measurements from the integrated device demonstrated strong agreement with a commercial instrument (r ≈ 0.9699), supporting its feasibility for day-to-day, radiation-free assessment of bladder status.

        
          
          

          Fig. 3. 
				
          

          
            Wearable bioimpedance-based device for bladder volume monitoring. (a) Schematic illustration of the urination mechanism and neural pathways. (b) Flexible chitosan–acetic acid composite electrodes for impedance signal acquisition.	(c) Cutaway view (top) and longitudinal section (bottom) of the system hardware circuit board. (d) Packaged electronics with connections to the patch electrodes.	(e) Photograph of the device positioned on the suprapubic area. Adapted from Ref. [26].
          
          

          

        

        This study demonstrates that integrating biocompatible electrodes, wireless communication, and low-power electronics into a skin-conformal form factor provides a practical, noninvasive solution for continuous bladder monitoring. It underscores the potential of bioimpedance-based devices as lightweight, patient-friendly, and cost-effective approaches to urological care [38,39].

      

    

    

  
    
      3. IMPLANTABLE PLATFORMS
      Wireless implantable bioelectronics for bladder function monitoring are designed to directly and accurately measure bladder activity and internal pressure within the body [17,27,28]. By establishing stable contact with the bladder wall, these devices enable precise detection of bladder wall deformation, tension changes, and related physiological signals with high temporal resolution. Unlike intermittent catheter-based urodynamic studies, implantable devices allow continuous monitoring over extended periods, ranging from hours to weeks. This capability is particularly valuable for tracking postsurgical recovery, monitoring patients with neurogenic bladders, and assessing underactive bladder cases in which gradual functional changes must be quantified over time.

      Compared with wearable devices, implantable devices overcome key limitations such as signal attenuation, motion artifacts, and dependence on patient positioning, thereby providing more reliable and accurate long-term monitoring [27,28,40]. These platforms incorporate biocompatible encapsulation layers, stretchable sensing elements, and wireless telemetry modules, enabling operation without external leads. Power and data are typically managed through wireless transmission, eliminating the need for tethered connections and reducing associated risks [27,28,41]. Collectively, these features support real-time and long-term monitoring in home-based settings, aligning with the broader shift toward patient-centered, remote urological care.

      
        3.1 Strain gauge-based technologies
        Implantable strain gauge-based devices measure the mechanical deformation of the bladder wall during filling and voiding, providing direct and reliable data on bladder volume and internal pressure changes [27,40]. With rapid response, high sensitivity, and reliable operation over extended periods, this approach offers a robust foundation for continuous long-term monitoring and may facilitate earlier detection of functional impairments.

        Fig. 4 (a) illustrates a fully implantable wireless platform that integrates a stretchable strain gauge attached to the bladder wall with a wireless data transmission system [27]. The strain gauge records resistance changes as the bladder expands and contracts, and it transmits data wirelessly to a mobile device to monitor recovery following partial cystectomy. Fig. 4 (b) and 4 (c) present the internal pressure profiles of a healthy bladder and a bladder after partial cystectomy, respectively, enabling real-time, continuous tracking of recovery and regeneration. The average difference and standard deviation of bladder pressure inferred from the strain gauge compared with direct measurement are 8.1 × 10−9 cmH2O and −1.2 cmH2O, respectively.

        
          
          

          Fig. 4. 
				
          

          
            Implantable strain gauge-based device for bladder function monitoring. (a) Schematic of long-term monitoring to track recovery and regeneration after partial cystectomy. Internal pressure profiles in a non-human primate model (baboon) with (b) a healthy bladder and (c) a bladder after partial cystectomy.	Adapted from Ref. [27].
          
          

          

        

        By eliminating percutaneous leads and fully encapsulating all components with biocompatible materials, this technology reduces infection risk, enhances patient comfort, and supports long-term untethered monitoring [27,41]. These features underscore the potential of strain gauge-based devices for clinical postsurgical recovery assessment and chronic bladder function management, bridging the gap between preclinical research and future clinical translation.

      

      
        3.2 Multimodal systems
        Implantable multimodal systems integrate multiple sensing modalities and therapeutic stimulation within a single platform. By combining mechanical strain sensing, electromyography (EMG), and electrical stimulation, these systems can detect bladder filling, trigger voiding, and confirm successful emptying in one device [17,28].

        Fig. 5 illustrates an implantable multimodal system for bladder sensing and electrical stimulation [28]. The soft, mesh-like expandable electronic web (Fig. 5 (a)) wraps around the bladder and incorporates strain gauges and EMG electrodes to monitor bladder wall deformation and detrusor muscle activity. Platinum-black-coated stimulation electrodes are integrated to deliver targeted electrical stimulation when voiding is required. The wireless module (Fig. 5 (b)) manages real-time sensing, BLE communication, and remote control of stimulation protocols, powered by radio-frequency coupling without the need for an onboard battery [28,41]. Fig. 5 (c) shows the device implanted in a freely moving rat, with a light-emitting diode (LED) indicator confirming active data acquisition from the bladder.

        
          
          

          Fig. 5. 
				
          

          
            Implantable multimodal system for bladder function monitoring and electrical stimulation. (a) Schematic of the expandable electronic web wrapping around the bladder, incorporating strain gauges, EMG electrodes, and stimulation electrodes, connected to a wireless module. (b) Optical image of the complete system with inset views of individual sensing and stimulation components. (c) Photograph of a rat implanted with the system, showing an activated LED indicator during data acquisition. Adapted from Ref. [28].
          
          

          

        

        By integrating sensing and electrical stimulation within a wireless, biocompatible form factor, this approach enables intelligent, self-regulating bladder management. Such bidirectional systems represent a potential pathway toward personalized closed-loop therapies for patients with detrusor underactivity or neurogenic bladders, reducing dependence on manual interventions and improving quality of life [17,28].

        To guide modality selection and highlight practical trade-offs, Table 1 presents a side-by-side qualitative comparison of ultrasound, bioimpedance, and implantable strain-gauge approaches across four decision-critical axes: accuracy, invasiveness, power consumption, and long-term stability. Collectively, the comparisons emphasize the distinction between non-invasive wearables (ultrasound, bioimpedance) and higher-fidelity yet invasive implants (strain gauge), providing an at-a-glance reference to align technical capabilities with clinical context and engineering constraints.

        
          Table 1. 
				
          

          
            Wireless bioelectronics for bladder function monitoring
          
          

        

        
          
            
              	
              	Ultrasound
              	Bioimpedance
              	Strain gauge
            

          
          
            	Accuracy
            	High
            	Medium
            	High
          

          
            	Invasiveness
            	Non-invasive
            	Non-invasive
            	Invasive
          

          
            	Power consumption
            	Moderate
            	Low
            	Low–Moderate
          

          
            	Long-term stability
            	Good
            	Good
            	Promising for multi-week/month monitoring
          

          
            	Ref.
            	[14-16,23,25]
            	[26,38,39]
            	[27,28,40,41]
          

        

        

      

    

    

  
    
      4. CONCLUSIONS
      The development of wearable and implantable bioelectronics for bladder function monitoring has advanced rapidly, driven by innovations in flexible electronics, soft materials, and wireless communication technologies. These systems enable high-performance, patient-friendly platforms capable of continuous, real-time data collection. Each technological approach offers distinct advantages. Wearable ultrasound-based devices provide direct anatomical measurements with high specificity, whereas wearable bioimpedance-based devices deliver low-cost, low-power alternatives well-suited for long-term home monitoring. Implantable strain gauge systems offer high-fidelity biomechanical data unaffected by external interference, while multimodal implants combine sensing with electrical stimulation to support closed-loop bladder management. The choice of modality should be tailored to the clinical context, balancing measurement accuracy, invasiveness, and patient comfort. These devices extend beyond diagnostic tools, representing a step toward personalized urological care that integrates continuous monitoring with adaptive therapeutic interventions.

      Future research should prioritize multi-parameter platforms that integrate mechanical, electrical, and biochemical sensing to enable a more comprehensive assessment of bladder health. Closed-loop systems that combine sensing with automated neuromodulation or electrical stimulation hold considerable promise for the active management of neurogenic and underactive bladders. Realizing this potential will require explicit safety guardrails, human-in-the-loop overrides, verification of control latency, and transparent logging to support clinical auditability. Nevertheless, several practical challenges must be addressed before widespread clinical adoption can occur. Long-term biocompatibility and material stability are critical for extended use, particularly in implantable systems. Additionally, signal reliability must be ensured under diverse physiological conditions, including variations in posture, hydration, and abdominal pressure. Standardized stress-testing protocols should be established to quantify device performance under such perturbations and enable cross-study comparability. Power management remains a critical constraint, requiring a balance between device miniaturization and sufficient operating lifetime through battery capacity, wireless power transfer, or energy harvesting. Advances in energy harvesting from body motion, temperature gradients, and wireless power transfer may extend device lifetimes and eliminate the need for frequent recharging. Artificial intelligence-driven analytics hold the potential to transform continuous data streams into actionable clinical insights, supporting early detection and individualized treatment adjustments. Finally, scalable manufacturing, standardized testing, and multicenter clinical trials will be essential to translate these innovations from laboratory prototypes into widely adopted medical devices.
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