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The electrode, interfacing with soft tissue, is vulnerable to mechanical failure caused by dynamic organ motions such as cardiac activity, respiration, and digestion. Mechanical mismatch can also lead to tissue damage and sensor displacement. However, existing strategies for conformal integration often fall short of preserving mechanical compliance across large-area, multi-electrode arrays. Most internal organs undergo complex, anisotropic volumetric expansion from physiological activity, requiring implanted systems that can withstand multidirectional strains without inducing stress concentration. Conventional elastomers and mesh-structured electrodes typically exhibit a positive Poisson’s ratio, which hinders multidirectional uniform stretching and results in mechanical mismatch at the tissue–electrode interface. This mismatch not only increases local mechanical load but also leads to electrode displacement. In this study, we propose a conformal electrode design that incorporates a re-entrant geometry into a stretchable and biodegradable polyurethane substrate. Mechanical testing confirmed that this geometry enhances stretchability and reduces the effective modulus of the electrode by approximately 64%. Furthermore, the device maintained electrical stability under cyclic deformation and preserved its structural integrity under dynamic, organ-mimicking volumetric expansion. This mechanical and electrical robustness highlights the potential of the proposed design for long-term integration into implantable electrode arrays for physiological monitoring and disease diagnosis on dynamic three-dimensional organ motion.
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1 INTRODUCTION
Implantable sensor systems have transformed physiological monitoring paradigms by enabling continuous, high-resolution detection of dynamic biological signals, including pressure (Kang et al., 2016; Shin et al., 2019), electrical activity (Koo et al., 2018; Maeng et al., 2022; Kim et al., 2023), and molecular markers (Liu et al., 2023; Hu et al., 2024). Clinical applications such as cardioverter-defibrillators for arrhythmia prevention (Goldberger and Lampert, 2006; Maron et al., 2007), intracranial pressure monitors for brain injury management (Zhang et al., 2017; Nag et al., 2019), and urethral sensors for urinary incontinence (Majerus et al., 2017) highlight the versatility of implantable sensors in the field of biomedical engineering. However, despite their clinical success, these systems continue to face challenges caused by the dynamic physiological motion of tissue in long-term applications. Mechanical mismatches (Kozai et al., 2015; Wang et al., 2023), failure under mechanical stress (Jacobs et al., 2003; Ikar et al., 2020), and difficulty of achieving precise positioning and stable fixation of the sensor at the target site limit their long-term integration and functionality (Johnson et al., 1999; Ledet et al., 2012). These issues most frequently arise at the electrode component, which is in the closest contact with tissue. This highlights the necessity of developing electrodes that can maintain stable functionality while conforming intimately to the tissue.
Mechanical mismatches between device materials and soft tissues can lead to adverse biological responses. These mismatches include discrepancies in elastic modulus and Poisson’s ratio. Most materials used in conventional implantable electrodes have a much higher elastic modulus, a characteristic of stiffness, compared to the surrounding tissue (Chen and Simmons, 2011). This can lead to chronic inflammation (Bedell et al., 2018), micromotion-induced damage (Dalrymple et al., 2025), and delamination at the interface (Kim et al., 2022). Furthermore, organs often undergo complex three-dimensional deformation and exhibit negative Poisson’s ratio behavior. In contrast, most materials have a positive Poisson’s ratio, making it difficult for them to accommodate organ deformation without exerting strain on the tissue (Chen et al., 2023; Kang et al., 2025). Such mechanical mismatches impede stable long-term integration and compromise both the functionality and biocompatibility of the implant. To overcome these mechanical limitations, there is a growing need for structural designs that enable otherwise rigid materials to conform mechanically to soft, dynamic biological environments (Lee et al., 2023; Bae et al., 2024). Among the various approaches, re-entrant architectures have attracted significant attention for their ability to induce system-level negative Poisson’s ratio behavior by geometrically enabling lateral expansion under axial tension (Ni et al., 2024; Zhong et al., 2024). This geometry allows the implant to better conform to organ-level deformations and minimize interfacial stress. It also helps maintain stable long-term contact, closely mimicking the mechanics of native tissue (Fan et al., 2014; Su et al., 2017; Xia et al., 2022).
Beyond mechanical mismatch, the long-term persistence of conventional implants introduces an additional barrier to biocompatibility and clinical utility. Most clinically used materials are non-degradable, requiring surgical removal after temporary use and thereby increasing the risk of tissue damage, inflammation, and patient burden (Busam et al., 2006; Walley et al., 2017; Desai et al., 2024). Consequently, recent research has focused on biodegradable systems that safely degrade in vivo after fulfilling their diagnostic or therapeutic function (Acar et al., 2014; Huang et al., 2014; Hwang et al., 2015; Kang et al., 2015; Lu et al., 2019). Integrating biodegradability into implantable sensor systems provides a promising pathway toward safer, more patient-friendly devices, especially for transient applications in dynamic tissue environments (Boutry et al., 2019; Lee et al., 2019; Choi et al., 2021; Lee et al., 2022; Zhang et al., 2025).
In this study, we fabricated the re-entrant structured electrode that achieves approximately 40% lower modulus than conventional materials and demonstrates improved conformability compared to other mesh-based designs. In addition, the electrode features a biodegradable polyurethane (PU) substrate, enabling temporary implantation and natural degradation after fulfilling its functional role. This design aims to address long-standing issues related to mechanical mismatch and instability at the tissue-device interface, fundamentally reducing inflammation and side effects during dynamic organ movement. The mechanical properties and behavior of the proposed electrodes were validated through mechanical testing and the finite element analysis (FEA). Systematic analysis with an expanding balloon model confirmed that the electrode minimized displacement, ensuring reliability of positional stable performance under dynamic volumetric deformation. These results highlight the potential of the electrode to maintain stable integration throughout its functional lifespan in mechanically dynamic biological environments.
2 MATERIALS AND METHODS
2.1 Electrode fabrication
To prepare the substrate, polycaprolactone (PCL) triol (PCL-triol; average Mn ∼300/mol), hexamethylene diisocyanate (HDI), anhydrous butyl acetate, and tin (II) two-ethylhexanoate (Sn(Oct)2) were obtained from Sigma-Aldrich. The synthesis began with melting 1.8 g of PCL-triol in a glass vial, followed by mixing HDI 1080 μL and butyl acetate 10 mL. Adding Sn(Oct)2 as a catalyst 6.9 μL, followed by drop-casting on a hydrophobic surface treated with a self-assembled monolayer of trichloro (1H, 1H, 2H, 2H-perfluorooctyl) silane (Sigma-Aldrich). Substrates were placed for 24 h in an oven at 60 °C under vacuum condition for solvent evaporation and curing. We wash the sample using deionized water to remove potentially cytotoxic residual reagents. Details in synthesis of polycaprolactone-based bioresorbable PU were described in previous report (Choi et al., 2020).
A schematic illustration of the electrode fabrication process is provided in detail in Supplementary Figure S1. Molybdenum (Mo) foil (15 μm, Nilaco Co., Japan) attached on PU. It was ablated with an ultraviolet laser marker. To encapsulate the electrode using dynamic covalent networks structure for direct self-bonding, the two layers are strongly bonded using an uncured precursor and a process that involves hot pressing at 110 °C. It was ablated with an ultraviolet laser marker for cutting out the mesh pattern and the border of the electrode.
2.2 Tensile test
Tensile tests were conducted using a universal testing machine (Unitest M1, Testone, Korea). The test of polymer characteristics uses standard tensile specimens (ASTM-D412). And the tests of mesh structure where the load was applied at a constant speed of 1 mm/min until fracture occurred at room temperature. Strain is defined as L/L0, where L0 and L are the length of the sample before and during elongation, respectively.
2.3 Cyclic tensile test
Customized mechanical testing system was exploited to evaluate the stability of electrodes under cyclic tensile loading which mimicking repetitive movement of biological tissues (10%, 20%, 30% strain). A photograph of the assembled system is presented in Supplementary Figure S2. The ending test also conducted on this system with a negative displacement setting up to 50% strain). The testing system had a linear actuator capable of applying sinusoidal tensile strain with programmable parameters such as displacement, frequency and acceleration using G-code. The resistance of metal trace consisting of electrodes was recorded by digital multimeter (BK Precision 880 LCR meter, BK Precision, United States).
2.4 Finite element analysis approach
Finite element analysis (FEA) was conducted using the software program ABAQUS/CAE 2022 (Simulia, United States). The generation of three-dimensional simulation models of re-entrant, square, and honeycomb structured electrodes was accomplished through the utilization of Fusion 360 software (Autodesk). In order to circumvent discrepancies in simulation outcomes attributable to variations in mesh density and element type, each FEA model was configured with the same element type, designated as C3D8R, and a global seed size of 0.2 mm. PU and Mo materials were applied to the FEA simulation. The elastic modulus of PU is 0.9 MPa (Choi et al., 2020), the Poisson’s ratio is 0.45, and the elastic modulus of Mo is 330 GPa, the Poisson’s ratio is 0.38 (Schulthess et al., 2023). It is important to note that all materials utilized in the simulation were assumed to be linear-elastic. The following three FEA simulations were conducted and Supplementary Figure S3 provides more details:
1. A tensile test simulation was conducted on each electrode-structured PU sample, with the samples undergoing a tensile strain ranging from 10% to 30% over the course of the experiment. The samples were subjected to a 10% strain increment.
2. A cyclic tensile test simulation was conducted on each structured molybdenum electrode, with a range of 10%–30% strain, and an interval of 10% was maintained throughout.
3. A displacement test was conducted using a balloon model simulation. In this test, Mo electrodes were stretched 5 mm in each direction along the x-axis. The translation degree of freedom along the z-axis was constrained to simulate the attachment of electrodes to the balloon. To mitigate the occurrence of rigid body motion, it was imperative to constrain all degrees of freedom.
2.5 3D displacement analysis using balloon model
To assess the mechanical adaptability of the fabricated mesh electrode during volumetric expansion, we conducted a displacement tracking experiment using a balloon model. The balloon was inflated and deflated using a syringe pump, which enabled precise and repeatable control over the volume of injected air. This approach ensured consistent deformation conditions across experiments.
The electrode was attached to the balloon at four points using epoxy. Marker points were placed at corresponding locations on both the electrode and the balloon surfaces. To assess the spatial relationship between the two layers during deformation, dual-camera imaging was employed.
Dual-camera imaging was used to record the electrode before and after expansion: one camera was aligned with the xz-plane, and the other was rotated 30° about the z-axis. Image analysis was performed using ImageJ to extract marker positions. To ensure the reproducibility of the balloon’s deformation profile, video recordings were also analyzed to confirm that the balloon expanded and contracted into a nearly spherical shape.
Displacement vectors were calculated based on projections in both planes, assuming a shared z-axis. The electrode displacement was defined as the distance between the corresponding electrode and balloon markers following expansion.
2.6 Biodegradation test
Re-entrant design mesh electrode is immersed in 0.1 M phosphate buffered saline (PBS) solution (Sigma-Aldrich) at 80°C. The sample was fully submerged to ensure uniform exposure to the degradation environment. The structural and morphological changes of the sample were periodically observed at specific time points. Optical images were captured using the digital camera (Canon EOS 600D, Japan) to document the progressive degradation of the polymeric matrix and electrode structure.
3 RESULTS AND DISCUSSION
3.1 Characteristics of electrode
Figure 1A presents a schematic representation of the potential applications of the proposed electrode. Negative Poisson’s ratio of the re-entrant geometry enables the electrode to undergo isotropic expansion in all directions, similar to organ motion (Kang et al., 2025). Featuring a re-entrant geometry that exhibits a negative Poisson’s ratio, the electrode can stretch easily in all directions under strain. This mechanical property allows the electrode to be applied directly onto organs in a patch form for physiological signal monitoring and diagnostics, or to be implanted after surgery for detecting disease recurrence. Furthermore, as the electrode is composed of biodegradable materials, it can naturally degrade and be absorbed by the body after a certain period of use, eliminating the need for secondary surgical removal. The structure of the electrode is displayed in Figure 1B. The device adopts a sandwich architecture. A biodegradable Mo film functions as the electrical conduction pathway and is embedded between layers of biodegradable PU substrates. Both PU and Mo used in the device have demonstrated long-term in vitro and in vivo biocompatibility in previous studies (Choi et al., 2020; Choi et al., 2022). Mo has been shown to degrade into molybdate ions under physiological conditions, which exhibit low cytotoxicity and induce only minimal local inflammatory response (Redlich et al., 2020; Redlich et al., 2021). Laser-based fabrication facilitates high-resolution patterning and the formation of narrow line widths, as clearly demonstrated in the optical microscopy image shown in Figure 1C.
[image: Figure 1]FIGURE 1 | (A) Demonstrations across different human organs highlight its versatility and application potential and principle of re-entrant structure having omnidirectional stretchability. (B) Scheme of electrode structure. A Mo film with a thickness of 15 um is encapsulated within a sandwich structure comprising two 250 μm-thick layers of biodegradable PU. (C) Prototype of omnidirectionally stretchable, biodegradable re-entrant electrode. (D) Dissolution of mesh electrode in PBS (80°C).
Figure 1D shows the results of the accelerated dissolution test of the electrode in PBS at 80 °C. After 20 days, the PU encapsulation had swollen, and the Mo film began to oxidize and degrade. By day 38, the oxidation and degradation of both the Mo film and the PU layer had progressed significantly (Yin et al., 2014). After 118 days, most of the Mo had fully degraded, accompanied by surface erosion of the polymer, resulting in increased opacity. According to Arrhenius equations, it represents all the materials can degrade 590 days in physiological temperature (37 °C) (Choi et al., 2020).
3.2 Tensile characteristics of mesh structure
Soft tissues exhibit Young’s moduli (E) in the range of 100 Pa to 10 MPa, highlighting the importance of mechanical compatibility for successful integration (Fallegger et al., 2020). Most soft tissues, excluding bone, possess moduli in the tens of kilopascals range (Guimarães et al., 2020). This mechanical softness poses a challenge to achieving mechanical matching, as conventional polymeric materials typically exhibit moduli in the megapascal range (Qian and Zhao, 2018). Simultaneously, sufficient stretchability is also essential to ensure seamless integration with highly dynamic organs (Geraghty et al., 2004; Hostettler et al., 2010). Figure 2A presents the tensile test results of the mesh-structured polymer. To enable a comparative analysis of mesh designs, three distinct structural types were prepared: re-entrant, offset rectangle, and honeycomb (Okumura et al., 2021). The results demonstrate that, among the three mesh geometries tested, the re-entrant structure exhibits the lowest Young’s modulus and the highest stretchability. Figure 2B illustrates the comparative mechanical data between the re-entrant structure and the bulk polymer material. In addition to comparisons with other mesh geometries, the re-entrant structure demonstrates a significantly lower Young’s modulus and greater strain capacity relative to the bulk polymer. These findings indicate that employing mesh architecture, particularly the re-entrant design, can effectively mitigate mechanical mismatches with soft tissues. Moreover, this structural strategy alone is sufficient to enable the development of electrodes that are not only soft and stretchable but also reliable in mechanically active biological environments. The enhanced mechanical compliance of the re-entrant structure suggests its potential suitability for integration with tissues undergoing frequent volumetric changes.
[image: Figure 2]FIGURE 2 | Tensile stress-strain curves and corresponding stress values at specific strain levels (10%, 20%, 30%) for various structural designs and materials. (A) Comparison of stress-strain responses of re-entrant, square, and honeycomb structures. (B) Stress-strain curves of re-entrant structure and biodegradable PU film. (C) Stress values at selected strain levels for mesh structures and PU film (n = 3 per groups). Each bar represents the average stress value, and the error bars indicate the standard deviation. (D) Von-Mises stress contours in FEA results of re-entrant, square, and honeycomb structures for 30% tension. (E) Maximum von- Mises stress in FEA results of re-entrant, square, and honeycomb structures for each 10%, 20%, 30% tension.
Given that human organs undergo repeated cycles of volumetric change, comparing stress values at specific strain levels is critical for assessing mechanical compatibility. Figure 2C presents a summary of the stress values corresponding to 10%, 20%, and 30% strain for each structural design and bulk material. At 10% strain, the re-entrant structure shows a remarkably low stress value of 53 kPa, increasing to 88 kPa at 20% and 135 kPa at 30%. Although the strains assessed in this study were measured under uniaxial (1D) conditions, the resulting stress values are relevant to the mechanical deformation observed during three-dimensional organ motion. Notably, the 10%, 20%, and 30% strain levels correspond to the typical deformation ranges encountered in the heart (Carlsson et al., 2004; Aguado-Sierra et al., 2011), organs affected by swelling-related diseases such as hydrocephalus and hydronephrosis (Riccabona et al., 2005; Wang et al., 2019; Holmgren et al., 2025), and the lungs (Plathow et al., 2004; Swift et al., 2007; Miyawaki et al., 2016), respectively. The strain levels for the heart and lungs were estimated based on reported changes in sagittal length during physiological motion. The strain levels for hydrocephalus and hydronephrosis were inferred separately by converting reported volumetric expansions into corresponding linear deformations. This approach enabled a consistent estimation of strain across organs with differing deformation characteristics.
Figure 2D presents the von-Mises stress contours in FEA results of the tensile test simulation. It was confirmed that when electrodes were stretched to 30% of their original length, all structures exhibited a stress distribution of 100–200 kPa throughout the entire domain. Furthermore, elevated levels of stress were detected in proximity to the connection region of each unit electrode configuration. Local high stress regions are delineated in Figure 2D, indicated by red coloration in the FEA contour results. These regions may be considered at risk of failure. Honeycomb and square structures exhibit higher levels of stress concentration compared to re-entrant structures, with the magnitude of stress being also greater in the former. As demonstrated in Figure 2E, the maximum von-Mises stress increase for the re-entrant and square structures was less pronounced than that of the honeycomb structure. The re-entrant structure demonstrated the lowest maximum von-Mises stress, with values of 78.6, 157.6, and 236 kPa at 10%, 20%, and 30% strain levels, respectively. The resultant value at 30% strain is 35% lower than that of the honeycomb structure.
3.3 Electrical stability of mesh structure electrode
When the electrode serves as structural support for sensor system integration or functions as a strain sensor, it is exposed to mechanical deformations. These deformations include changes in strain and bending curvature. These deformations can significantly alter the electrical resistance of the electrode. This variation in resistance may degrade sensing performance, hinder accurate disease diagnosis, and ultimately reduce the operational lifespan of the sensor. Furthermore, exposure to large cyclic strains can induce microcrack formation in the metal-based electrode, compromising its electrical integrity (Chen et al., 1995; Kim et al., 2013; Bag et al., 2017; Mohammed, 2024). These variations in resistance compromise both the operational stability of the sensor system and the intrinsic reliability of the electrode.
As shown in Figure 3A, during organ volumetric expansion, the strain applied to the electrode increases while the bending radius decreases. Conversely, during organ contraction, the applied strain decreases and the bending radius increases. Figure 3B presents the experimental results of resistance variation in response to applied strain measuring relative resistance change (ΔR/R0) under applied strain levels of up to 30%. The re-entrant structure demonstrated negligible resistance change across the applied strain range. Similarly, the square structure also exhibited negligible resistance change under applied strain. In contrast, the honeycomb structure showed mechanical failure, including electrode rupture at 30% strain. This phenomenon is further illustrated in Figure 3C, which shows photographs depicting the morphological changes of each mesh structure under varying strain levels. The re-entrant structure exhibits notably less morphological deformation compared to the other configurations, as highlighted by the red boxes and arrows. The minimal displacement observed in the mesh electrode played a critical role in maintaining its structural and functional stability under mechanical strain.
[image: Figure 3]FIGURE 3 | Variation of electrode resistance with mechanical strain. (A) Schematic representation of variations in strain and bending modulus in an organ undergoing three-dimensional volumetric changes. (B) Change in relative resistance change (AR/Ro) as a function of applied strain (n = 3 per groups). Each point represents the average AR/Ro value, and the error bars indicate the standard deviation. (C) Photographs showing morphological changes of each mesh structure under varying strain (scale bar: 16 mm). (D) Change in AR/Ro as a function of bending radius (n = 3 per groups). Each point represents the average AR/Ro value, and the error bars indicate the standard deviation. (E) Photographs showing morphological changes of each mesh structure under varying bending modulus (scale bar: 8 mm).
Figure 3D shows the relative resistance change (ΔR/R0) of mesh electrode structures under varying bending radii. As the bending radius decreased, all structures consistently exhibited minimal resistance variation, indicating excellent electrical stability even under substantial mechanical deformation. This electrical stability is further supported by side-view images in Figure 3E. Throughout the bending process, the re-entrant and square structures exhibited negligible morphological deformation. Similarly, the honeycomb structure maintained its geometry without observable tearing or mechanical failure. This behavior is attributed to the inherent flexibility of the thin metal film. Detailed information regarding the corresponding bending deformation for each result is provided in Supplementary Figure S4.
Figure 4 presents the assessment of structural and electrical stability under cyclic strain conditions. The parameters used in this experiment were designed to mimic the mechanical conditions of human organs, as illustrated in Figure 4A. A 10% strain was applied to simulate cardiac motion. The strain rate was set between 80 and 100 bpm, reflecting the typical human heart rate. In addition, strains of 20% and 30% were applied to mimic normal and deep respiratory motions, respectively (Arakawa et al., 2000). The corresponding strain rates were chosen within the typical human respiratory rate range of 10–20 bpm.
[image: Figure 4]FIGURE 4 | Relative resistance change (R/R0) of the sensor under cyclic strain loading, demonstrating stable and repeatable electrical response over multiple deformation cycles. (A) Physiologically relevant cycle rates representing cardiac (90 bpm) and respiratory (10 bpm) rate. (B) Relative resistance change of the re-entrant structure under 10% cyclic strain at 90 bpm for 14 days. (C–E) Experimental results of electrodes with a re-entrant, square, honeycomb structure, respectively. (F) Strain (E11) contours in FEA results of re-entrant, square, and honeycomb structure unit cells for 30% tension. (G) Relative resistance change results of re-entrant, square, and honeycomb structures for each 10%, 20%, 30% tension.
Figure 4B demonstrates the long-term stability of the re-entrant structure. Under simulated physiological motion of 10% cyclic strain at 90 bpm, the electrode maintained both structural and electrical integrity for over 14 days without any observable damage. This duration aligns with the intended operational period of biodegradable electrodes, typically designed for approximately 2 weeks of in vivo use (Tsang et al., 2015; Park et al., 2024). Figure 4C presents the performance of the re-entrant structure under the defined cyclic strain conditions. The experimental results demonstrate that the re-entrant structure exhibits excellent electrical stability, showing minimal changes in resistance under repeated strain conditions of 10% for 50,000 cycles, 20% for 5,000 cycles, and 30% for 1,000 cycles. Figure 4D illustrates the performance of the square structure under the same conditions. By contrast, the square structure exhibited electrical instability after 6,688 cycles under 10% cyclic strain. Similarly, under 20% strain, resistance instability occurred after 2,948 cycles. These were designated as failure points, indicating that while microcracks affected resistance, complete electrical disconnection did not occur. Under 30% strain, complete electrical failure occurred after only 110 cycles, marked as the breaking point. Figure 4E illustrates the performance of the honeycomb structure under the same conditions. The honeycomb structure exhibited failure after 4,598 cycles under 10% cyclic strain, followed by complete electrical breaking at 6,945 cycles. Under 20% strain, electrical breaking occurred after only 50 cycles. At 30% strain, mechanical fracture occurred even before the completion of a single cycle. These findings are consistent with the morphological observations shown in Figure 3C.
The strain contour result of the cyclic tensile test FEA simulation is shown in Figure 4F. The strain of the material itself has a dominant effect on the resistance change of the electrode rather than the structural deformation of the structured electrode. In a manner analogous to the tensile test FEA simulation, the re-entrant structure exhibited a reduced deformation of the element itself in comparison to the other structured electrodes. The findings of the FEA reveal a discrepancy in the deformation mitigation capabilities of the re-entrant, honeycomb, and square structured electrodes when compared to their counterparts. Specifically, the electrodes demonstrate an inability to effectively mitigate deformation along the x-axis direction. The strain components were extracted to calculate the relative resistance change of each electrode. In the context of the present study, the FEA simulation was configured to stretch the electrode once. However, if the electrode is subjected to a fatigue load environment with a stress ratio greater than or equal to zero, as is the case in the conducted test environment discussed in this article, the material will deform in the direction of increasing E11 and decreasing E22 and E33, a phenomenon that can be attributed to the Poisson effect. Consequently, the relative resistance change result trend may persist despite an increase in the number of cycles. As illustrated in Figure 4G, for the re-entrant and honeycomb electrode, strain along the x-axis direction was observed to occur at the 10% strain level, with values of 0.55% and 1%, respectively. Correspondingly, the relative resistance change values were 1.0001 and 1.00019, respectively. The re-entrant electrode exhibited a comparatively diminished relative resistance change, registering at 1.66% of strain at the 30% strain level, as compared to the honeycomb electrode.
These results indicate that all three mesh structures provide a certain level of mechanical flexibility and electrical stability. Among the three structures, the re-entrant design demonstrates superior structural robustness. It exhibits enhanced performance under conditions involving repeated volumetric deformation, outperforming the other mesh configurations. This superior performance highlights the potential of the re-entrant structure for applications requiring long-term mechanical reliability.
3.4 Analysis of structural stability under 3D morphological changes
Under physiological conditions, internal organs are constantly subjected to dynamic mechanical environments due to intrinsic motions such as respiration, heartbeat, and peristalsis, as well as external mechanical influences (Leucht et al., 2007; Elsayed, 2019; Wang et al., 2021; Wang et al., 2025). These dynamic environments not only affect the mechanical durability of implantable electrodes but also pose significant challenges for maintaining positional stability, which is critical for accurate sensing performance (Markodimitraki et al., 2022; Abad-Coronel et al., 2024). While spatial fixation is essential, previous validation efforts have predominantly focused on simplified planar or uniaxial motion (Chen et al., 2020; Chen et al., 2021). However, biological tissues undergo complex three-dimensional volumetric deformation, highlighting the need for an evaluation strategy that reflects these physiologically relevant dynamics (Morikawa et al., 2019; Kim et al., 2024). To address this, we developed an alternative assessment method using a spherically inflating balloon to simulate organ-like volumetric expansion and contraction. An electrode was mounted on the balloon surface, enabling analysis of the relative displacement between the dynamic tissue-mimicking surface and the electrode during deformation.
Figure 5A presents images capturing the morphological evolution of the electrode during volumetric expansion. These observations underscore a key mechanism by which the re-entrant electrode maintains positional stability. Owing to its geometry-induced negative Poisson’s ratio, the re-entrant structure undergoes simultaneous expansion in both horizontal and vertical directions when uniaxial strain is applied. This omnidirectional deformation allows the electrode to conform to organ-like volumetric changes, thereby preserving stable contact during dynamic motion.
[image: Figure 5]FIGURE 5 | Morphological stability test under organ-inspired 3D deformation. (A) Photographs showing the deformations of the re-entrant, square and honeycomb shaped electrode while increasing the balloon volume. Arrows indicate the direction of electrode elongation. (B) Displacement (U2) contour in FEA results of re-entrant, square, and honeycomb structures for a simplified balloon test simulation. (C) Schematic illustration of the method for calculating 3D vectors of markers on the balloon surface. (D) Schematic illustration of the displacement mechanism between markers on balloon and markers on electrode during 3D volumetric expansion. (E) Schematic showing the placement of markers on the electrode. (F) Quantified displacement of individual points under volumetric deformation.
As illustrated in Figure 5B, the displacement result is presented along the y-axis direction of the displacement test using balloon model simulation. Electrode designs, including re-entrant and honeycomb structures, exhibited displacements ranging from 2 to 4 mm in regions distant from the x-axis. In contrast, the square-structured electrode demonstrated a maximum displacement of approximately 2 mm. The upper region, situated at a considerable distance from the x-axis, is indicated in blue, while the lower region, located at a greater distance from the x-axis, is highlighted in red. It can be inferred that the electrode would undergo a contraction when subjected to stretching along the x-axis. Conversely, the electrode would undergo an expansion when stretched along the x-axis, with the respective colors denoting this behavior in each region. Consequently, the re-entrant structured electrode exhibited a displacement trend analogous to that of organic tissue, demonstrating positive displacement in all directions. In contrast, the honeycomb and square structured electrodes caused damage to the tissue due to its shrinkage along the y-axis direction.
Figure 5C outlines the computational approach used to extract the position vectors of marker points placed on both the electrode and the balloon based on recorded video data. The video provides two projections: one onto the xz-plane and another onto a plane rotated 30° around the z-axis. As the projected vectors share a common z-axis, the x and y positions can be calculated by combining total length and angular information obtained through image analysis. These computed coordinates are then used to reconstruct the full 3D spatial position vectors of the markers. A detailed step-by-step procedure is provided in Supplementary Figure S5.
The principle used to quantify electrode stability based on the calculated position vectors is illustrated in Figure 5D. Markers were initially aligned on the balloon and electrode surfaces in the unexpanded state. Upon inflation, differential deformation increased the distance between corresponding markers, allowing displacement to be calculated from the reconstructed position vectors. These vectors were obtained through analysis of the recorded video images.
Figure 5E displays the marker placement strategy. Within each unit cell of the mesh structure, markers were positioned at regions predicted to exhibit the greatest deformation. Additional markers were placed at the top, center, and near the upper and lower edges of the electrode to capture position-dependent responses. Morphological changes during volumetric expansion are detailed in Supplementary Figure S6. Figure 5F summarizes the displacement results corresponding to volume expansions of approximately 33%, 73%, and 118%, calculated from the measured radii of the inflated balloon. Across all expansion levels and measurement points, the re-entrant structure consistently exhibited the smallest displacements and the highest spatial uniformity. At 33% and 73% volume expansion, the displacement ranges were minimal at 0.31 mm and 0.39 mm, respectively. This result demonstrates a uniformly distributed mechanical response. Even at 118% volume expansion, the range remained comparatively low at 1.24 mm, substantially smaller than those observed in the square (4.25 mm) and honeycomb (3.84 mm) structures. This uniform deformation under dynamic volumetric expansion enhances positional stability and minimizes localized mechanical stress. Such mechanical advantage improves the reliability of sensor readings in implantable systems, particularly where internal structural monitoring is not feasible.
To demonstrate the functional applicability of the re-entrant electrode beyond mechanical and electrical stability, we designed a wireless power transfer experiment in which the electrode served as a receiving antenna. The fabricated coil with a re-entrant structure was connected to a surface-mounted LED and placed in proximity to a transmitting (Tx) antenna. Upon excitation at a resonant frequency of 32.4 MHz, the LED was successfully powered wirelessly, as shown in Supplementary Figure S7. This result confirms the feasibility of utilizing the re-entrant electrode as a flexible antenna for wireless energy harvesting and power delivery applications.
4 CONCLUSION
In this study, a re-entrant geometry was incorporated into a biodegradable polymer-based electrode to improve mechanical conformity and biocompatibility with soft tissues. Experimental evaluation confirmed that the re-entrant structure effectively reduces the modulus experienced by the electrode, thereby minimizing mechanical mismatch with surrounding soft tissues. In parallel, the electrode maintained stable electrical performance under repeated deformations that mimic dynamic organ motion. Simulations further validated the mechanical behavior, supporting the robustness and consistency of the experimental findings. Additionally, through a balloon-based volumetric deformation model, the electrode demonstrated superior positional stability under dynamic expansion. These findings suggest that the proposed electrode design holds significant potential for future integration into implantable devices, such as electrode arrays, for continuous physiological signal monitoring and diagnosis of disease progression or recurrence. Importantly, the re-entrant mesh architecture can be readily adapted to a wide range of stretchable polymer systems. This architecture-driven strategy provides a structurally versatile framework for engineering mechanically compliant bioelectronic interfaces across various implantable systems.
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