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Abstract
The real-time assessment and personalized monitoring of human bladder status is important for individuals with 
involuntary voiding, overactive bladder and bladder disorders such as urinary incontinence. To address the 
shortcomings of traditional urodynamic methods where the equipment is bulky, complex, invasive, expensive and 
unable to continuously monitor bladder status, and to meet the needs of healthcare professionals and family 
members to know the patient’s bladder capacity, this paper designs the biocompatible integrated bladder 
electronics for wireless capacity monitoring assessment. The device employs chitosan, which exhibits favorable 
biocompatibility, to fabricate patch electrodes, and optimizes their performance through the plasticizing effect of 
glycerol, with a polarization resistance of 4.8983 kΩ, a maximum tensile force of up to 107.5 kPa, and remains 
chemically stable for long-term wear. The principle of bioelectrical impedance analysis is employed to integrate a 
hardware system comprising multiple modules, including a microcontroller, information processing, 
communication, display and power supply. After the integrated system design is completed with electrodes 
connected and encapsulated, data on bladder electrical impedance changes is gathered and transmitted wirelessly 
to the user interface for non-invasive real-time monitoring and intelligent assessment of bladder capacity. The 
experimental results demonstrate a high correlation between human bladder electrical impedance and bladder 
volume, with a systematic measurement correlation coefficient reaching 96.7%. The research equipment is 
portable, simple to operate, and radiation-free to the human body. It has significant potential for real-time 
monitoring and intelligent alarm of bladder capacity.

Keywords: Bladder disease, biocompatible electrodes, bioelectrical impedance analysis, integrated wearable 
electronics, wireless capacity monitoring
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INTRODUCTION
The bladder is a functional organ responsible for storing urine and releasing it at the appropriate time[1-3]. 
The process of normal urination is a conscious, controlled neurological reflex activity that is accomplished 
through a complex series of neural reflexes and feedback mechanisms[4,5]. Bladder stimulus impulses are 
transmitted through sensory fibers of the parasympathetic nerves to the spinal reflex arc, which 
subsequently passes through the thin bundles in the spinal cord to the higher urinary centers in the brain, 
thus producing the urge to urinate. Upon the onset of the urge to urinate, motor impulses are transmitted to 
the bladder via the neurological reflex arcs, pelvic nerves, and parasympathetic efferent fibers, resulting in 
the excretion of urine[5-7]. A number of factors, including neurological disorders, incomplete brain 
development, urinary tract infections, structural abnormalities, and others, can result in urinary 
dysfunction. Overactive bladder (OAB) is a common bladder dysfunction, with urinary frequency, urgency, 
and incontinence as the main symptoms. This condition has a significant impact on the quality of life of 
many individuals, yet there is still a significant diagnostic and therapeutic gap in many countries. The 
International Continence Society survey indicates that approximately 25 million middle-aged adults 
experience transient or chronic urinary incontinence, defined as involuntary voiding and uncontrolled 
urine leakage. Of these, 9 to 13 million patients experience severe symptoms[8]. In older adults and children 
aged 2 years and younger, incontinence occurs more commonly. In clinical settings, OAB, neurogenic 
bladder (NGB), and urgency urinary incontinence (UUI)[9-12] are frequently attributed to neurological 
disorders or spinal cord injuries (SCI) that disrupt the normal functioning of the lower urinary tract. 
Consequently, it is imperative for medical professionals and family members to be aware of and analyze the 
patient’s bladder capacity in real time [Figure 1A]. Overall, bladder dysfunction continues to impose a 
significant morbidity burden in many countries. It is therefore important to strengthen efforts to prevent 
and diagnose bladder disorders at an early stage, with the aim of improving the quality of life and health of 
those affected.

In clinical practice, real-time monitoring of bladder function is critical for managing various urinary 
disorders, enhancing patient comfort, and preventing complications associated with urinary retention or 
incontinence. The accurate assessment of bladder volume and capacity is essential in diagnosing 
dysfunctions such as OAB, NGB, and urinary retention. However, current bladder monitoring methods face 
substantial limitations. Currently, the principal bladder capacity and volume monitoring devices employed 
in clinical practice are ultrasonography (ultrasound, US)[13,14], urinary flow rate testing (urinary catheters, 
UC, uroflowmetry)[15,16], bladder pressure-volume testing[17], magnetic resonance imaging (MRI)[18,19] and 
computer tomography (CT)[20]. These methods, while useful, are generally limited in their application due to 
either invasiveness, high cost, or limited accessibility for real-time monitoring. For instance, US requires the 
use of specialized equipment that is both large in size and demands a high level of expertise from the user, 
and although individual wearable bladder monitoring devices exist, they are expensive to purchase. 
Uroflowmetry typically necessitates that the patient urinates in a natural state and can be employed as a 
screening instrument by documenting the rate and duration of urine flow to ascertain bladder capacity. 
Bladder pressure-volume testing (bladder pressure-volume relationship) necessitates the insertion of a 
catheter, which is an invasive procedure with an increased risk of infection. MRI necessitates the placement 
of the patient’s body within a robust magnetic field, is costly to equip, and is subject to volume limitations. 
It is therefore unsuitable for use in overweight and anxious patients. Computed tomography employs X-ray 
fluoroscopy and an inverse projection algorithm to obtain a tomographic image of the bladder. Substances 
such as metal implants may cause artifacts, affecting the quality of the image, and there is a degree of 
radiation risk. In conclusion, while existing methods offer significant advantages for bladder monitoring, 
they are generally constrained to specific environments and are not well-suited for real-time or remote 
monitoring applications due to issues such as high costs and invasiveness. Therefore, developing a bladder 
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Figure 1. Architecture of a biocompatible integrated bladder electronics device for wireless real-time monitoring. (A) The mechanism of 
human urination; (B) Signal acquisition using chitosan-acetic acid electrodes; (C) A cutaway view (top) and longitudinal section 
(bottom) of the system hardware circuit board(8 cm × 8 cm); (D) The packaging of the electronics and the connection to the patch 
electrodes; (E) Photograph of adult females wearing the fully integrated electronics, and the device’s overall housing dimensions are 
specified as 16 cm × 8 cm. ADH: Antidiuretic hormone; MCU: microcontroller unit; SPU: signal processing unit; BLE: bluetooth.

monitoring technology that is cost-effective, lightweight, portable, non-invasive, non-radioactive, and 
capable of real-time monitoring remains a significant challenge.

In this paper, we will present a novel approach to the development of wireless electronics for real-time 
monitoring and intelligent assessment of bladder capacity. The electronics integrate biocompatible material 
synthesis, bioelectrical impedance analysis (BIA), and multi-module system integration technologies to 
continuously monitor the status information of the bladder in real time, offering a solution for individuals 
with varying needs, including people with no sense of voluntary urination and patients suffering from 
urinary incontinence or OAB disorder. The device comprises two components: one is chitosan-acetate 
patch electrodes. The flexible substrate material, which comes into direct contact with the human skin, 
employs chitosan, which is biocompatible and exhibits strong adsorption properties. This reduces the risk of 
inflammatory and allergic reactions caused by bacterial and fungal infections, while also ensuring that the 
user experiences optimal comfort over an extended period of time[21-23]. Furthermore, glycerin, a green 
solvent, is selected as the base plasticizer. This is achieved through the intermolecular ester bonding, 
hydrogen bonding and gap-filling mechanism, which collectively enhance the softness, ductility and 
toughness of the conductive film[24-26] [Figure 1B]. Additionally, the electrode’s overall structure is designed 
as a sandwich structure, effectively increasing the contact area between the electrode and the skin. The other 
component is a hardware system that is integrated with a number of modules, including a display, a 
microcontroller, an information processing unit, a communication system and a power supply[27] 
[Figure 1C]. After the printed circuit board (PCB) design is completed, the board is encapsulated and the 
biocompatible electrodes are connected to the hardware system. This integration of the electronic device for 
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bladder monitoring is achieved when the device is used by the user [Figure 1D]. The system employs BIA to 
monitor and automatically analyze bladder capacity non-invasively and in real time by current conduction, 
after applying a weak alternating current (usually 50 kHz) to the surface area of the bladder[28,29]. This is 
achieved by using a sensor to measure the voltage change as the current passes through the human bladder, 
which allows for the collection of information on the change in electrical impedance of the bladder. This 
information is then communicated wirelessly with the user interface (UI) (mobile phone app). Figure 1E 
depicts a live view of the user wearing the smart device on the abdomen. Supplementary Table 1 shows a 
comparison of conventional and development equipment in terms of dimensions.

This fully integrated biocompatible electronics for real-time monitoring and intelligent assessment of 
human bladder impedance employs a non-invasive methodology to provide real-time, continuous bladder 
filling information. It is portable and user-friendly, facilitating patient understanding of their needs. By 
anticipating the time of urination, the electronics enable patients or their family members to prepare in 
advance and reduce the likelihood of embarrassing instances of involuntary urination. In instances where 
medical science has yet to develop a cure for urination disorders, the human bladder impedance 
measurement smart device, developed using biocompatible electrode synthesis, BIA and multi-module 
system integration technology, enhances the patient’s control over the time of bladder emptying and 
reduces the patient’s psychological pressure, thereby improving the quality of life.

EXPERIMENTAL
Materials and instruments
Chitosan (C6nH11nNO4n, MW = 100,000), acetic acid solution (CH3COOH, MW = 60.05), sodium hydroxide 
standard solution (NaOH, 0.1 mol/L), potassium hydroxide (KOH, MW = 60.05, 95%), magnesium chloride 
(MgCl2, 99%, MW = 95.21), glucan (C6nH10nO5n, MW = 1,500) and deionized water were supplied by Macklin 
Biochemical Co., Ltd., Shanghai, China. Ethanol (C2H5OH, 95%) and potassium chloride (KCl, MW = 
74.55) were purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Urea (H2NCONH2, 
99.0%) was obtained from Tianjin Third Chemical Plant Co., Ltd., Tianjin, China. Ascorbic acid (C6H8O6, 
MW = 176.13) was obtained from Yatai United Chemical Co., Ltd., Wuxi, China. The KEWLAB analytical 
balance was purchased from Qiulai Technology Co., Ltd., Hangzhou, China. Benchtop magnetic stirrer 
(model SC-MS-II) and benchtop homogenizer (model KW-4BC) were purchased from Cedex Electronics 
Co., Ltd., Beijing, China. The electric heating blast drying oven (model DHG-9145A) was obtained from 
Yiheng Scientific Instrument Co., Ltd., Shanghai, China. The Series 7 force gauge was purchased from 
MARK-10 Corporation, USA. The Autolab electrochemical workstation (model Nova2) was purchased 
from Metrohm Autolab B.V. through Maiqiang Technology Co., Ltd., Shanghai, China.

Design and performance study of patch electrodes
Patch electrode sensing is a non-invasive electrophysiological measurement for the assessment of bladder 
capacity. Its design is based on the conductive and capacitive response of biological tissues to electrical 
currents[1,30]. The system employs a two-electrode configuration, comprising a working electrode (WE) and 
a counter electrode (CE). The CE injects low-frequency alternating current (LFAC) into the human bladder, 
while the WE serves as a receiver electrode, collecting information about the bladder variable. This variable 
is generated due to the conductivity and capacitance of the bladder tissues in response to the current. Given 
the necessity for direct contact between the patch electrode and the human skin and the potential for long-
term monitoring of bladder impedance, it is essential that the electrode exhibits good biocompatibility, anti-
stretching properties, selectivity, and durability. This is to prevent the occurrence of undesirable reactions, 
such as allergies and inflammation, that may arise due to prolonged contact[31-33]. In light of these 
considerations, chitosan was selected as the primary material for the flexible substrate of the electrode. 
Chitosan is a natural polymer material with a strong affinity for human cells. It exhibits excellent properties, 
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including antibacterial, antiviral, fully biocompatible and biodegradable characteristics[22,34,35]. The green 
solvent glycerol was selected as the plasticizer for the flexible substrate, which contains a multitude of 
hydroxyl groups in its molecular structure and is capable of reacting with the numerous carboxyl groups 
present in the chitosan-acetic acid mixed solution. The glycerol generates ester bonds and forms strong 
hydrogen bonding interactions with the polymer molecules in the solution, thus improving the softness, 
ductility and toughness of the base film. Furthermore, the moisturizing properties of the chitosan substrate 
are exploited to prolong its service life[36]. Chitosan films offer several advantages over gels traditionally 
based on polyacrylic acid and polyvinyl alcohol. These include a lower cost, a lower risk of allergic 
inflammation such as itching and redness due to chitosan’s good biocompatibility, and a higher 
breathability[37].

The fabrication process of the biocompatible electrode patch film for bladder monitoring is illustrated in 
Figure 2A and the Supplementary Materials. The structural properties of chitosan, which comprises free 
amino groups in its molecules, are exploited to convert its glucose amino groups to R-NH3

+ in dilute acid, 
thereby forming a polycationic gel solution [Supplementary Figure 1][38,39]. These positively charged chitosan 
particles are susceptible to electrostatic adsorption on negatively charged biological skin, while the amino 
groups inhibit bacteria by binding to the negative electrons of human skin [Figure 2B]. The chitosan gel was 
electrochemically modified using glycerol, and the stress-strain curve (σ-ε curve) and open-circuit potential-
electrochemical impedance spectroscopy (OCP-EIS) were employed to further characterize the electrode 
flexible substrate following modification with different volumes of glycerol [Figure 2C and D]. As the 
concentration of glycerol increased, the peak stress in the σ-ε curve exhibited an upward trend, while the 
resistance in the Nyquist plot exhibited a downward shape. This indicates that the tensile strength and 
conductivity of the film were increasing. It is noteworthy that, in the σ-ε curve, a decrease in flexibility was 
observed when the volume of glycerol exceeded 6%. This can be attributed to glycerol’s plasticizing effect, 
whereby glycerol esters exhibit high resistance to fracture and can form a protective film to enhance the 
tensile strength and flexibility of the material. When the glycerol concentration exceeds the optimal level, it 
exerts a plasticizing effect, leading to a reduction in the toughness of the film. It is also important to control 
the amount of glycerol added in the experiment, as too much or too little will affect the performance of the 
membrane. Given that the biocompatible chitosan membrane in this paper is a flexible substrate that needs 
to be worn for a long period of time and come into direct contact with the human body to conduct signals, 
we chose to increase the volume of glycerol to 8%, in order to provide maximum tensile strength and 
conductive ability for bladder status monitoring and analysis. To evaluate the compatibility of the chitosan-
acetic acid conductive film with human skin, we measured the surface energy of the film using a surface 
contact angle goniometer. The contact angle of water on the film was found to be 87.1°, while that of 
diiodomethane was 42.7° [Supplementary Figure 2A]. Using the Owens-Wendt theory, we calculated the 
surface energy of the chitosan film to be 39.95 mJ/m². This surface energy value is close to the range of 
surface energy for human skin (35-45 mJ/m²), indicating that the material possesses good biocompatibility, 
making it suitable for applications in skin-contacting wearable devices[40,41]. Furthermore, we conducted skin 
irritation tests to assess the changes in skin condition over time after wearing the conductive film[42] 
[Supplementary Figure 2B]. No significant redness or itching was observed on the skin following the 
removal of the patch, providing clear evidence of the material’s excellent biocompatibility. The patches were 
characterized for tensile strength, mechanical bending and adhesion [Supplementary Figure 3A-C].

Figure 2E presents a voltammetry characteristic curve of the chitosan-acetate conductive film at different 
rates (5-30 mV/s) within the voltage range of -1.5-1.5 V. The results demonstrate that the peak value of the 
voltammetry characteristic curve increases with the rate, indicating that the charge transfer within the film 
is more active at higher rates [Supplementary Figure 4A]. This implies that the film has a superior fast 
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Figure 2. The preparation process and performance of biocompatible electrode patch. (A) The preparation process of the chitosan-
acetate biocompatible conductive film; (B) The adhesion mechanism of the chitosan-acetic acid biocompatible conductive film; (C and 
D) Stress-strain curve alterations and impedance modifications following the formation of films through the addition of glycerol at 
varying volume ratios; (E) Volt-Ampere characteristic response of chitosan-acetate (8%) flexible films at varying scan rates; (F and G) 
The impedance-frequency curve response of a commercial conductive gel and chitosan-acetic acid conductive gel under both dry and 
sweaty human skin conditions.

response capability. Furthermore, the more gradual change in peak value indicates that the film has superior 
stability and consistency in electrochemical performance. Figure 2F illustrates the impedance-frequency 
curve response of a commercial conductive gel and chitosan-acetate conductive gel film, in both human dry 
skin and sweaty skin conditions. The frequency-impedance response of the commercial conductive gel is 
examined solely on dry skin, as it is a gel electrolyte-loaded electrode and therefore perspiration does not 
affect the impedance[37,43]. This group served as a control group, and the Nova2 electrochemical workstation 
was selected as the experimental measurement equipment for all experimental groups. Compared to 
impedance on dry skin, perspiration on the skin increased the effective conducting ions and decreased the 
current loading capacity, resulting in chitosan-acetate gel exhibiting less impedance overall on sweaty 
skin[44]. Chitosan-acetate gel exhibited slightly larger impedance values than commercial gel, with the 
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difference in impedance between the two gradually converging to 0 with increasing frequency, further 
validating the usability of the chitosan-acetate gel. As illustrated in Figure 2G, the impedance difference 
between the commercial gel and the chitosan-acetate gel is considerable at low frequencies of 10 and 
100 Hz. The impedance of the chitosan-acetate gel and commercial conductive gel under dry skin is 
2.0886e7 and 1.8449e7 Ω, respectively, with an error rate of 13.21%. At 103, 104, and 105 Hz, the error rate 
decreased gradually to 0.561%. At higher frequencies, the effect of frequency on the impedance is weakened. 
This is due to the fact that as the frequency increases, the signal tends to be distributed on the surface of the 
conductor, resulting in a decrease in current density and inductance. At a certain frequency, the decrease in 
inductance can be ignored and remains unchanged, resulting in a stabilized change of impedance[45,46]. In 
this study, 50-60 kHz was selected as the measurement frequency for the human bladder impedance. At this 
frequency range, the chitosan-acetate gel exhibited lower impedance and superior conductivity. 
Furthermore, the chitosan-acetate electrode patch demonstrated enhanced conductivity across a range of 
frequencies in comparison to the commercial conductive gel electrode patch [Supplementary Figure 4B].

RESULTS AND DISCUSSION
Analysis of measurement and design principles for wireless electronics
The state change of the human bladder tissue exhibits nonlinear behavior, which is dependent on the 
dielectric constant and frequency. BIA is a technique that measures the electrical properties of biological 
tissues to assess their physiological status. In the context of bladder monitoring, BIA works by applying a 
small alternating current through the bladder tissue and measuring the resultant impedance. We employed 
multi-frequency BIA as a technique to measure tissue resistance across various biological structures. 
Different tissues, such as fat, muscle, and skin, exhibit unique conductive properties; thus, using multi-
frequency signals enables us to quantify each tissue’s contribution to total impedance. Low-frequency 
currents primarily traverse the extracellular fluid, allowing us to measure fat thickness and other 
characteristics, while high-frequency currents penetrate cell membranes and access intracellular regions. By 
analyzing data across multiple frequencies, we can distinguish impedance characteristics among fat, 
subcutaneous tissue, and surrounding bladder tissues, allowing for an accurate calculation of bladder 
impedance. Changes in impedance are sensitive to variations in bladder volume, as these affect the 
distribution and properties of intracellular and extracellular fluids[47]. This phenomenon is characterized by 
non-uniform phenomena such as charge migration during the change[48].

As illustrated in Figure 3A, the inner membrane of the bladder is observed to be full of folds when the 
bladder is initially empty. With the accumulation of urine, the increased bladder volume gradually unfolds 
the bladder membrane, resulting in a smoother inner membrane surface. This unfolding process affects the 
dielectric properties of the bladder tissue, which in turn influences the impedance values measured by BIA. 
Specifically, as the bladder fills, the capacitance of the intracellular membrane decreases, reflecting changes 
in tissue structure. Simultaneously, the intracellular fluid resistance of the bladder cells increases due to 
urine accumulation, while the extracellular fluid resistance of the bladder cells remains relatively stable[49,50].

In light of the aforementioned considerations, the Cole-Cole model was selected to elucidate the intricate 
electrical dynamics observed in the bladder[51]. This model has a multitude of applications, including the 
investigation of conductivity, dielectric constant, and resonant frequency in dielectric materials. By applying 
the Cole-Cole model to bladder tissue, it is possible to create an equivalent electrical model that accurately 
reflects the impedance characteristics of a single bladder cell under different volume conditions. In this 
instance, the equivalent model of bioelectrical impedance of a single cell in bladder tissue is depicted in 
Figure 3B.
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Figure 3. Integrated design principle and performance characterization of the wireless monitoring electronics. (A) Structural 
characteristics of the bladder; (B) Bioelectrical impedance equivalent model of individual cells of the bladder tissue; (C) The hardware 
block diagram of the microcontroller system; (D) Schematic diagram of the main control board of electronics; (E) The amperage 
response of varying concentrations of NaCl solution (0.05-0.25 M) was applied to the electrode patch; (F) Linearity and regression 
model between response current height and solution concentration; (G) The immunity and selectivity of the system to different 
interfering molecules; (H) The system demonstrates immunity to interfering molecules at varying frequencies; (I) The impedance 
variation and stability of the bladder sensor over a period of ten days.

The mode and phase of the bladder impedance Zb are calculated as follows, and the calculation process is 
presented in the Supplementary Materials:

(1) 
 
 

(2) 
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In conclusion, the observed trend of parameter alterations and the substitution of the expression for bladder 
impedance, Zb, leads to the conclusion that human bladder impedance, Zb, decreases as urine storage 
volume increases. Consequently, researchers can further ascertain the state of the human bladder by 
investigating the nonlinear inverse relationship between the change in urine storage volume and the change 
in bladder impedance.

Integration and characterization of a wireless electronics
A fully integrated wireless bladder status monitoring electronic device was developed based on the assembly 
of a biocompatible electrode patch and reusable PCB. The PCB contains a microcontroller unit (MCU), in 
which STM32F103C8T6 serves as the terminal master controller with a high-performance and low-power 
32-bit RISC processor ARM Cortex-M4, a diverse range of peripheral interfaces, including a timer, an 
analog-to-digital converter (ADC), inter-integrated circuit (I2C), and communication interfaces such as a 
universal asynchronous receiver/transmitter (UART) and a serial peripheral interface (SPI)[52,53]. This 
internal special composition facilitates communication with other modules on the board or external 
smartphones. The hardware block diagram of the system, which employs the STM32F103C8T6 as the 
principal controller, is depicted in Figure 3C. This diagram includes the UART1 serial port circuit, keypad, 
and liquid crystal display (LCD). This design is to eliminate the host computer and integrate the 
programmable low-power Bluetooth (BLE) module for remote data transmission and monitoring between 
the devices. The module is integrated with a microcontroller for signal processing and wireless 
communication, Supplementary Figure 5A and B illustrates the BLE module schematic and pin diagram, 
and microcontroller system for UART serial communication, the communication protocol that is the 
UART communication protocol. The microcontroller’s receive (RX) and transmit (TX) ports are connected 
to the corresponding ports on the JDY-31 module, enabling the transmission of data and receipt of 
commands. Furthermore, the device incorporates a signal processing unit (SPU) and three buttons, which 
serve as the overall on/off key of the system and the key for setting alarm thresholds[54]. Additionally, it 
features an LCD for real-time display of monitoring data and a rechargeable 5 V lithium battery with a 
capacity of 2,400 mAh for power supply. This is followed by the fabrication of the board [Figure 3D].

After designing the schematic based on the overall system architecture and hardware requirements, it was 
imported into the PCB design software, Altium Designer. The circuit board was partitioned and layered 
according to electrical performance requirements. The mechanical layer was configured to set the 
dimensions and mechanical details of the main control board, while the signal layer was used for 
component placement, routing, and soldering. The component layer was designated for resistor soldering 
and silkscreen printing. Signal, ground, and power lines were routed in the inner layers to ensure 
compliance with impedance control standards. Component positions were adjusted accordingly to finalize 
the PCB layout, and the board was subsequently prepared for fabrication[55,56]. Further details can be found 
in the Supplementary Materials.

The efficacy of this wireless monitoring system was assessed by spraying varying concentrations of NaCl 
solution (0.05-0.25 M) onto the electrode patches of the fully integrated electronic system [Figure 3E], 
which was selected due to the substantial presence of chloride and sodium ions in human sweat. The system 
exhibited a linear relationship between the height of the response current and the concentration of the 
solution, with a regression model as shown in Figure 3F, with a correlation coefficient of 0.9185. 
Furthermore, the system demonstrated the same linear relationship at different frequencies [Supplementary 
Figure 6A]. Figure 3G illustrates the resultant plot of the system monitoring in the presence of interfering 
molecules in sweat. A series of interfering molecules, including H2O, urea, dextran, acetic acid, ethanol, 
potassium chloride, ascorbic acid, and magnesium chloride, were sprayed onto the electrode surface. In 
contrast, the control group mimicked dry human skin without spraying the solutions. The responses were 
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then tested sequentially. The presence of these interfering molecules had no significant effect on the current 
response, confirming the good selectivity of the system. In particular, the immunity of the system was 
measured at 10, 50 and 100 kHz [Figure 3H and Supplementary Figure 6B], where the impedance change 
was large at 10 kHz. This indicates that the interfering molecules will be somewhat disruptive to the system 
at low frequencies. In contrast, the impedance change was weak at the experimental frequency chosen in 
this paper, 50 kHz. This again confirms the suitability of the system. Long-term stability is a critical factor 
for sensor performance, particularly in applications requiring consistent measurements over extended 
periods. Stability can be influenced by material degradation, environmental fluctuations, and repetitive 
loading[57]. To minimize impedance drift over time, this study implemented measures such as optimizing 
electrode material properties and applying protective encapsulation to limit external influences. The 
stability of the device materials during long-term usage is further discussed in Supplementary Table 2. 
Additionally, the impedance changes of the bladder sensor were measured over a 10-day period, as shown 
in Figure 3I, to assess its long-term stability. The sensor was applied to the human skin and the impedance 
was measured every 24 h. The results demonstrated that the relative standard deviation (RSD) of the sensor 
was 0.791%, which confirmed the operational stability of the system.

Validation and evaluation of a wireless bladder electronic device
During the process of bladder emptying to filling, urine storage continues to rise and impedance values tend 
to decrease, as shown in Figure 4A. The utilization of wearable technology for the analysis of human 
bladder impedance represents a low-risk, low-cost and easy-to-use approach to the remote monitoring of 
patients or family members, when compared to invasive and US-based analyses. In order to validate the 
value of the designed electronic device for measuring bladder status, six participants of varying ages (three 
males and three females) were monitored for bladder status. Prior to the commencement of the experiment, 
the skin of the subject must be cleaned and sterilized. Thereafter, two measurement electrodes are to be 
adhered to the lower abdomen of the subject in a symmetrical manner, at a point 10 cm below the navel and 
5 cm from the midline of the navel[58,59]. The electrodes are mounted in the position illustrated in Figure 4B. 
The designed electronics and the commercial equipment were connected to the electrodes, and the 
appropriate measurement parameters were set: start frequency 50 kHz, termination frequency 60 kHz.

Following the emptying of the bladder by the tester, the designed electronics and commercial equipment 
were activated for a 30 min measurement of the bladder impedance. After 30 min, the tester consumed 
500 mL of drinking water in one sitting, maintaining the designated sitting posture. Initially, the 
measurement was conducted using commercial equipment. The current frequency delivered to the 
electrodes was 50 kHz, with a frequency scanning interval of 1 min, enabling the bladder electrical 
impedance to be measured at regular intervals[60]. Subsequently, the measurement was conducted using a 
designed electronics. The bladder electrical impedance per minute was recorded by observing the data 
displayed on the LCD screen on the system board or the mobile phone application [Figure 4C]. The 
measurement process continued until the tester indicated that they wished to urinate, at which time the 
tester’s bladder was in a full state. Following the conclusion of each experimental series, the data obtained 
from the two groups of devices were subjected to comparison and analysis. The resulting measurement 
outcomes are presented in Figure 4D-I.

The test results indicate that the magnitude and rate of change in bladder impedance may exhibit inter-
individual variation across participants over time. This is consistent with the increase in bladder volume as 
the bladder fills with urine. The converted impedance data showed a decreasing trend in bladder impedance 
as urine accumulated, indicating an increasing trend in bladder volume. Particularly, bladder impedance 
decreased rapidly approximately 10 min after participants drank water. Upon reaching a predetermined 
threshold, the mobile device would activate a continuous vibration alarm to prompt the user to urinate 
promptly.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202501/ss4046-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202501/ss4046-SupplementaryMaterials.pdf
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Figure 4. Performance evaluation of biocompatible integrated electronics for non-invasive human bladder volume monitoring in human 
subjects. (A) Volume and impedance state changes during the passage of time from emptying to filling of the human bladder; (B) Patch 
electrode mounting locations; (C) Optical images of participants wearing wireless wearable sensors during a bladder test. The data 
collected were sent to a smartphone and displayed in a developed mobile application; (D-I) The designed electronic device and 
commercial equipment were employed to monitor the bladder impedance change, and the correlation between the measurement levels 
of the two devices.
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Once the measurements and recordings were complete, the data were subjected to analysis. The mean 
bladder impedance data obtained from the integrated bladder electronics are presented in Table 1, 
accompanied by the mean absolute error (MAE), root mean square error (RMSE), and correlation 
coefficients between the integrated bladder electronics and the commercial equipment. A comparative 
analysis of Table 1 and Figure 4D-I reveals that the integrated bladder electronics for wireless real-time 
monitoring exhibit a minor design error and can achieve a strong correlation coefficient of 0.96993 in 
comparison to the measured data of the commercial equipment. This outcome fulfills the requisite 
measurement criteria and serves to substantiate the validity and feasibility of the system. The device 
effectively assesses the user’s bladder capacity by collecting signals of changes in bladder impedance, and the 
low development cost of the device renders it suitable for general application.

CONCLUSIONS
This paper outlines the development of wireless real-time monitoring electronics for human bladder 
capacity, employing biocompatible material synthesis, BIA and multi-module system integration 
techniques, aimed at measuring and evaluating bladder impedance and volume changes. The efficacy of this 
measurement system in quantifying alterations in human bladder impedance has been experimentally 
verified. Consequently, it is capable of accurately reflecting changes in bladder capacity. Compared with the 
technical equipment currently in clinical, such as uroflowmetry and US, the device is non-invasive, low-
cost, portable and low-power and provides continuous, real-time bladder filling information, thus keeping 
patients informed of their needs and enhancing their control over bladder voiding function. By predicting 
the time of urination, it helps patients or their families to prepare in advance and reduce psychological 
stress, thus improving the quality of life. However, the implementation of the device in clinical and home 
settings faces several challenges that might be addressed. Firstly, hardware miniaturization, while 
maintaining performance, remains a significant hurdle, as reducing device size without compromising 
functionality or power efficiency is crucial, especially in home settings. To realize a more compact design, 
we aim to optimize the circuit board layout and select smaller components to reduce space requirements 
and overall device dimensions. Additionally, we will employ flexible printed circuit board (FPCB) 
technology, leveraging its flexibility to conserve space and better conform to irregular surfaces and curved 
positions. On the software side, the UI needs to be simplified without sacrificing advanced features, 
ensuring accessibility for both patients with varying technical expertise and healthcare professionals. 
Developing intuitive, adaptive UIs, possibly incorporating voice or gesture controls, could enhance 
usability, particularly for users with physical or cognitive impairments. Looking ahead, further research into 
advanced microfabrication, energy-efficient algorithms, and AI-driven ubiquitous personalization will be 
essential to improve device performance, user engagement, and long-term adherence in both clinical and 
home environments. In conclusion, monitoring changes in bladder impedance over time can be employed 
to track the progression of bladder-related diseases and treatment effects, facilitate impedance studies of 
other important units or organs and tissues in the human body, and contribute to the advancement of 
personalized medicine in the future.
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Table 1. The MAE, RMES, and correlation coefficient of the measured values between the designed electronics device and the 
commercial equipment

Group Age MAE/Ω RMES/Ω Correlation coefficient

Female 1 24 16.3841 17.1686 0.9699

Female 2 43 11.2448 12.3877 0.9670

Female 3 51 15.6749 16.6148 0.9632

Male 1 23 19.1000 21.2975 0.9480

Male 2 46 15.6127 16.8939 0.9481

Male 3 60 19.3245 21.5747 0.9411

MAE: Mean absolute error; RMES: root mean square error.
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