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[bookmark: _Toc783830862]Supporting Note #1: Fabrication and Assembly
Materials, Chemicals, and equipment: Ultrapure DI Water (Thermo Fisher Scientific), Phosphate Buffered Saline (PBS, 1x pH 7.4, Gilco), Glucose Oxidase from Aspergillus niger (Type VII, Iyophilized poder, >= 100,000 unit/g solid Sigma-Aldrich), Glucose D+ (Sigma Life Science), Glutaraldehyde  (GA 50 wt. % in H2O, Sigma-Aldrich), Agarose Powder (Type 1, Sigma-Aldrich), Filter paper (Whatman, Grade 1, Sigma-Aldrich), Styrene-ethylene-butylene-styrene (SEBS, grade 1648), Toluene (Fisher Chemical), Silver/Silver Chloride Ink (Ag/AgCl, EPCON), Ethylene Glycol (Fisher Chemical), Aqueous platinum precursor solution, Blue food dye (Lianyungang Xinai Food Tech), Chemical interferences L(+)-Ascorbic acid (Sigma-Aldrich), L-(+)-Lactic acid (Sigma-Aldrich), Hydrocortisone (Sigma-Aldrich), Sodium Chloride (Sigma-Aldrich), 200 μM β-hydroxybutyrate], Bovine serum albumin (BSA, Sigma Life Sciences), Clear 3D printing resin (Formlabs). 3d printer FormLabs 4 (Formlabs), PalmSens4 potentiostat (Palmsense), Commercial earbuds (Amazon), Sputtering system (Denton 18), cutting printer (Cricut), Lingo continuous glucose monitor (Abbott), Syringe pump (New Era Pump Systems, Inc.).
· SEBS fabrication: The flexible styrene–ethylene–butylene–styrene (SEBS) substrate was fabricated in-house on a hydrophobic backing layer. SEBS (grade 1648) was dissolved in toluene at a 1:1.5 weight ratio (SEBS:Toluene) under continuous stirring at room temperature for at least 48 h. The solution was cast onto the backing layer using a doctor blade with a 1 mm gap and dried in a fume hood under ambient conditions for at least 12 h. The resulting SEBS film was further heated at 60 °C for >12 h to remove residual solvent and prevent bubble formation during subsequent sputter deposition.
· Sputter deposition: Sensing electrodes were patterned on SEBS substrates by shadow-mask sputtering and stencil printing. The SEBS backing layer served as a shadow mask, patterned using a Cricut cutter with a deep-point blade (force: 122; four passes). Cr (100 W, 6 min, ~60 nm) and Pt (100 W, 15 min, ~350 nm) were sequentially sputtered using a Denton 18 system. Ag/AgCl ink was stencil-printed onto the reference/counter electrode region and cured at 50 °C for 10 min. Following mask removal, electrical connections were established by direct wiring or embedded conductive vias, depending on the application.
· Pt electrodeposition: Platinum was electrodeposited onto the fabricated SEBS electrodes by linear sweep voltammetry in an aqueous Pt precursor solution using a three-electrode configuration with an external Ag/AgCl reference electrode and Pt wire counter electrode. The potential was swept between +0.6 and −0.5 V vs. Ag/AgCl for 20 cycles at 50 mV s⁻¹ (Figure S7a). Pt reduction was observed at approximately −0.35 V, with increasing cathodic peak currents over successive scans indicating progressive deposition (Figure S7a). Following electrodeposition, the electrodes were rinsed with deionized water and dried under nitrogen. Pt deposition was optimized to enhance hydrogen peroxide electrocatalysis. SEM imaging was used to compare different Pt deposition cycle numbers. SEM imaging of the planar electrode surface showed bare sputtered Pt (0 cycles) turn into isolated Pt clusters after 10 cycles, reach a homogeneous coverage of clusters after 20 cycles, which form large, inhomogeneous aggregates after 40 cycles (Figure S8b,). After 20 cycles, cluster size and distribution analysis showed an average diameter of 1.1 ± 1.0 µm, yielding uniform coverage and porosity (Figure S8c). When modified with GOx (100 mg/mL) and GA, calibration curves up to 1000 µM glucose confirmed that electrodes prepared with 20 cycles delivered the highest sensitivity (Figure S8d), and this condition was therefore selected for final sensor fabrication.
· Connection-vias: Through-substrate conductive vias were fabricated to establish electrical connections between the sensing electrodes and earbud electronics. Prior to sputtering, three vias (1.0 mm diameter) were punched through the SEBS substrate at the WE1, WE2, and RE/CE contact locations. The vias were filled with conductive Ag/AgCl paste, forming vertical interconnects to Ag/AgCl contact pads patterned on the backside of the substrate. The assembly was cured at 50 °C for 60 min to remove residual solvent and ensure stable electrical continuity. The backside pads were subsequently aligned with the corresponding contact pins of the custom earbud circuit. Alternatively, conventional lateral electrical connections were used, depending on the application. Electrical connections were established by taping lead wires to the contact pads
· Glucose sensor functionalization: Glucose oxidase (GOx) was prepared at 40 mg mL⁻¹ in a 10 mg mL⁻¹ bovine serum albumin (BSA) solution in 0.1 M PBS and stored in 25 μL frozen aliquots until use. For the enzymatic working electrode (WE1), 5 μL of the GOx/BSA solution was drop-cast onto the Pt surface and air-dried at room temperature for at least 30 min, followed by 5 μL of 1 wt% glutaraldehyde (GA) solution prepared in deionized (DI) water for enzyme crosslinking and an additional 30 min of drying. For the enzyme-free reference electrode (WE2), neither GOx nor GA was drop-cast. All functionalized electrodes were stored at 4 °C overnight (>12 h) before use.
· Agarose hydrogel preparation: 1% (w/v) agarose hydrogel solution was prepared by adding 200 mg of agarose powder to 20 mL of deionized water in a glass beaker. The mixture was heated in a microwave until the agarose was completely dissolved and a clear solution was formed. The mixture was then poured into a 9 cm Petri dish and allowed to cool at room temperature to form a solidified hydrogel layer approximately 3-mm thick. Finally, the hydrogel was soaked either in 0.1M PBS or in a 20% ethylene glycol solution to induce an osmotic effect (Figure S2). Before assembly, the hydrogel was punched into the desired dimensions. Glucose permeability through the hydrogel was evaluated using electrochemical glucose sensors by spiking the hydrogel with glucose and monitoring the sensor response to confirm glucose diffusion through the hydrogel matrix (Figure 3h-i).
· Assembly of the sensing unit: The microfluidic patches were fabricated by cutting circular paper pads and Kapton adhesive films using a Cricut cutter. The Kapton layer was applied to the paper, leaving a central circular opening matching the hydrogel footprint. The agarose hydrogel was then positioned within the opening, establishing direct contact with the paper to enable rapid capillary wetting and maintain a stable hydrogel–paper interface throughout operation (Figure S1).
· Earbud and charging case: Both the earbud and charging case prototypes were designed using CAD software and fabricated from clear resin using a Form 4 stereolithography 3D printer with a layer thickness of 0.025 mm. Following printing, the fabricated components were washed in an isopropanol (IPA) bath for 5 min and subsequently UV post-cured at room temperature for 5 min. The earbud housing was designed as three separate components to facilitate the assembly and integration of the electronics and electrical connections (Fig. S10). Each earbud integrates a commercial audio module and a custom potentiostat board, both connected in parallel to the positive and negative terminals of a single rechargeable battery (Fig. S11). The audio module was left electrically and functionally unmodified, retaining its original playback and charging circuitry. The potentiostat was connected via extension wires to silver electrode traces on a flexible mask lining the inner surface of the earbud cap (Fig. S11). All electronic components were enclosed within the earbud housing, which was sealed to protect against moisture and mechanical stress. Similarly, the charging case was designed using CAD software and fabricated as three separate components: a top cover, an outer housing with a wall thickness of 1.5 mm, and a coupling component designed to press-fit into the housing and align both earbuds for charging (Figure S17). The charging case incorporates a dedicated USB-C charging port on a commercial XRX Audio charging module, with charging terminals positioned to align with the corresponding terminals on the earbuds. The charging module was connected to an integrated 400 mAh rechargeable battery.


[bookmark: _Toc354666404]Supporting Note #2: Customized Electronics
The CA sensing PCB board integrates an AD5940 analog front-end (AFE, Analog Devices) and an ultra-low-power nRF52832 system-on-chip (SoC, Nordic Semiconductor). During CA measurements, the AFE applies a +0.3 V bias to the eChem sensor using a dual-output digital-to-analog converter (DAC). The resulting current is converted to voltage by a transimpedance amplifier (TIA), digitized using an internal analog-to-digital converter (ADC), and stored in a first-in, first-out (FIFO) memory buffer. The nRF52832 controls measurement timing, data acquisition, and processing, while providing Bluetooth Low Energy (BLE) connectivity for wireless communication.
The AFE and DFE communicate with each other via serial peripheral interface (SPI) signals, allowing bidirectional data transfer and system control. During operation, the AD5940 stores measurements in its FIFO memory buffer. When the programmed FIFO threshold is reached, the AFE sends an interrupt signal to the DFE, indicating that the FIFO is full and new measurement data is ready to be read. Wireless communication is supported by a 2.4 GHz monopole antenna and an LC impedance-matching network. The system enables real-time transmission of eChem current measurements to a smartphone or computer, with a measured received signal strength indicator (RSSI) of approximately −30 dBm at a distance of 2 cm (Fig. S16c). The system is powered by a 3.7 V rechargeable Li-ion battery, with decoupling capacitors incorporated into the power distribution network to minimize supply noise and voltage fluctuations. 
The custom printed circuit board (PCB) was designed using Altium Designer (Fig. 13) and manufactured and assembled by JLCPCB, with the components listed in Table S3. The potentiostat board and commercial audio module were connected in parallel to the shared battery using 30 AWG wires. Additional wires connected the potentiostat to the electrode interface on the inner surface of the earbud cap. The electronic components were integrated within the 3D-printed earbud housing, which was subsequently sealed to protect against moisture and mechanical stress.
The firmware was developed using the AD5940 chronoamperometry library and Bluetooth examples from the Nordic Zephyr software development kit (SDK). Hardware configuration files were modified to accommodate the customized pin assignments. Firmware development was performed in Visual Studio Code and validated using interconnected nRF52832 and AD5940 development boards before programming the custom PCB.
A custom application was developed to establish BLE communication with the sensing board and provide an interactive interface for glucose monitoring. The application supports real-time visualization of glucose concentration trends (Video S4).
CA measurements were performed at an applied potential of +0.3V. The electrochemical response closely follows the trend of the PalmSens measurements, with both systems showing distinct increases in current with each glucose addition (Fig. S15a). Ten-sample averaging was added to the cGEM CA data to reduce signal noise (Fig. S15b). Averaging significantly reduces high-frequency fluctuations while preserving the overall current response corresponding to each measurement interval.

For the two-working-electrode configuration, the default AD5941 SE pin is used for WE0, the general-purpose analog input (AIN0) pin for WE1, while the two channels share a common RE/CE connection. Because the AD5941 contains a single ADC, the two channels cannot be digitized simultaneously. Instead, the ADC is multiplexed between the LPTIA and HSTIA outputs, with approximately 10ms of settling time for each channel switch. The data acquisition is repeated at a measurement period of 1s (1Hz), producing an effectively continuous data stream for the user of both channels. 

 While the two channels exhibit large differences in their instantaneous responses, they stabilize to similar current changes, showing consistent detection across both channels. 
Power consumption was measured using a USB power tester and desktop power supply, which supplies a regulated 3.3V to the board and characterizes the energy used during repeated sleep/measurement cycling with a period of 60 seconds (Fig. S16a). The FNIRSI UsbMeter software was used to record and export voltage, current, and power measurements. 

At an average power consumption of approximately 48 mW during data acquisition, the system is expected to operate continuously for 2.31 hours (139 minutes) on a fully charged 30 mAh battery (Fig. S16b). This corresponds to a nominal energy capacity of 111 mWh (30 mAh x 3.7 V). The battery life can be extended by connecting a second 30mAh, 3.7V Li-ion battery in parallel, providing an additional 2.31 hours of operation. The received signal strength indicator (RSSI) shows a nearly linear downward trend as distance between the cGEM electronics and receiving device increases (Fig. S16c). This shows predictable signal attenuation over longer transmission distances. With WE and RE/CE disconnected, the board read a current of 0 nA, then jumped to ~30.6 uA when the electrodes were connected across a 10k resistor (Fig. 16d). The custom cGEM PCB was tested with the earbud’s audio electronics, connected in parallel via the 3.3 V Li-ion battery (Fig. S11).  With the applied bias voltage of 300 mV, this matches the expected current of 30 uA (300 mV / 10 kohms).

cGEM Firmware GitHub repository: https://github.com/mimimcswain/cGEMFirmware.git
cGEM App GitHub repository: https://github.com/mimimcswain/cGEMApp.git


[bookmark: _Toc884234268]Supporting Note #3: In vitro Testing Protocols
· Electrochemical measurements: 
· Cyclic voltammetry (CV) : recorded across a potential window from 0 V to +0.8 V at a scan rate of 100 mV·s⁻¹ (Figure 3d, Figure S8). 
· Chronoamperometry (CA): performed at a constant potential of +0.3 V and a sampling time interval of 0.1 s for a duration of 60 s per scan (Figure 3d,e,g). For continuous monitoring experiments (Figure 3h,i, 4c, Fig 5b, Fig 6b), the sampling interval was increased to 2 s.
· Linear Sweep voltammetry (LSV): Pt electrodeposition was performed by applying numerous consecutive potential sweeps from +0.6 to −0.5 V vs. Ag/AgCl at a scan rate of 50 mV s⁻¹ (Fig. S7).
· Buffers: All in vitro evaluations were performed in 0.1 M phosphate-buffered saline (PBS, pH 7.4). Stock solutions of D-glucose and the other chemical interferents were freshly prepared in the same buffer and allowed to stabilize overnight at room temperature prior to use. 
· Flow characterization: The flow characteristics of the microfluidic patch were evaluated by investigating the effects of evaporation area, inlet and hydrogel geometry, temporal stability, osmotic extraction, and on-body conditions.
· Evaporation area: The effect of evaporation area on fluid transport was evaluated using blue food dye as a tracer (Figure 2, Table S1). Briefly, 1 µL of dye was deposited onto the agarose hydrogel, and fluid spreading through the paper substrate was imaged from below every 15 min. Images were analyzed using ImageJ to determine the wetted area, calibrated against the known paper area. The volumetric flow rate was estimated from the rate of change in wetted area multiplied by the paper thickness (0.18 mm). Specifically, the area of the paper substrate (n=3) covered by the blue dye was determined by converting the number of dye-covered pixels (obtained by ImageJ) into an area using the known paper substrate area (3.14 cm²). The change in the area occupied by the dye between t = 0 min, corresponding to the onset of radial transport following dye diffusion through the hydrogel, and t = 45 min was calculated to determine the area covered by the fluid during the measurement period (Δarea / cm2). The corresponding flow rate was estimated by first dividing the area change by the elapsed time (45 min), thereby obtaining the surface fluid velocity (cm2 / min), and then multiplying the paper thickness (0.18 mm). Flow rates are expressed in nL min⁻¹
· Gravimetric analysis: Analysis of evaporative loss was conducted by first weighing the paper substrate in the absence of hydrogel to obtain its dry weight. Following this, the hydrogel was applied onto the paper layer and the fully-wet weight was considered as a reference, associated with t = 0 h. By further weighing the paper layer, with 1-h intervals, the weight variations relative to the dry weight were acquired (ΔW(t) / mg) over time, up to 10 h. The resulting paper hydration percentage was derived by normalizing the ΔW(t) over ΔW(0). Data is provided in Table S1. 
· Geometry optimization: The effects of the inlet area (hydrogel–paper contact area) and hydrogel size on flow rate were independently investigated using the same dye-tracking method, with images acquired every 15 min and analyzed using ImageJ (Figure S3).
· Temporal stability: Flow stability was assessed by monitoring paper hydration over 10 h (Figure 2e). The hydrogel remained in contact with the paper/Kapton assembly and was briefly removed every hour to measure the assembly mass. Measurements were normalized to the mass recorded after 1 h to quantify relative hydration over time.


[bookmark: _Toc1778014667]Supporting Note #4: Numerical simulation
Finite element simulations were performed to investigate fluid flow and glucose transport within the paper-based microfluidic patch. Both three-dimensional (3D) and simplified two-dimensional (2D) geometries were employed to represent the experimental system (Fig. S22). The paper channel was assumed to be fully wetted, with incompressible, laminar flow characteristic of low-Reynolds-number (Re < 1) paper-based microfluidic systems [1]. Glucose transport was modeled using Fick’s second law with convection (Equation 1)

where J is the glucose flux vector, u is the fluid velocity vector, c is the glucose concentration, D is the glucose diffusion coefficient, and  is the glucose concentration gradient. 
The computational geometries and corresponding initial and boundary conditions are illustrated in Fig. S22. Evaporation was applied at the exposed outer edge of the paper channel, with the evaporation-induced velocity magnitude (H) defined based on the capillary–evaporative transport mechanism previously described [2].
The hydrogel–paper interface served as the glucose inlet, where the glucose concentration was prescribed using a rectangular pulse function () to simulate discrete sweat absorption events (Figure S23). Each pulse lasted 10 s, representing a transient introduction of fresh glucose into the paper channel.
Mesh convergence was evaluated by progressively refining the computational mesh and comparing the resulting velocity profiles across the channel (Fig. S24). The optimization and numerical validation procedures were performed for both the 2D and 3D models.
Time-dependent simulations were subsequently performed to evaluate the spatial distributions of glucose concentration, fluid velocity, and glucose flux within the microfluidic patch (Fig. S25). The total glucose flux was further separated into convective and diffusive contributions to investigate their relative roles in glucose transport. As expected, the simulations demonstrated the transport of fresh glucose from the hydrogel through the paper channel toward its outer edge, where evaporation occurs, driven by evaporation-induced fluid flow.
The effects of evaporation mass flux and exposed evaporation area on glucose transport were further investigated through a parametric analysis (Fig. S26). Increasing either the evaporation mass flux or the exposed evaporation area enhanced evaporation-induced fluid flow, resulting in faster glucose transport from the hydrogel toward the outer edge of the paper channel. In contrast, eliminating evaporation or the exposed evaporation area suppressed convective transport, leaving molecular diffusion as the sole mechanism of glucose transport. These results highlight the critical role of evaporation in promoting fluid renewal and glucose transport within the paper-based microfluidic patch.
The physical parameters and material properties used in the simulations are summarized in Table S5. 


[bookmark: _Toc195670616]Supporting Note #5: Data processing
· Adaptive noise cancellation: 
In dual-channel CA glucose measurements, the trend-preserving affine projection algorithm (APA). APA updates the adaptive filter using multiple recent reference vectors, which can improve convergence when the noise reference is temporally correlated. APA-based noise cancellation has previously been applied to ECG recordings, where balancing interference suppression with preservation of physiological signal features was a central consideration [3]. In our study, APA was adapted for electrochemical biosensing, using the rapidly varying enzyme-free channel WE2 component to adaptively estimate shared interference in enzyme-functionalized channel WE1, while the separately extracted WE1 trend was retained during signal reconstruction.
· Scope and rationale
Motion, pressure, and changes in position can introduce transient current changes in wearable CA recordings that obscure the slower eChem response of interest. The cGEM sensor provides two channels acquired under nearly identical conditions: a glucose oxidase-functionalized channel (WE1) containing glucose-responsive current and interference (i.e., signal + noise), and an enzyme-free channel (WE2) used as an interference reference (noise only). Adaptive noise cancellation (ANC) was applied to these paired recordings to estimate the component of the WE1 signal that could be mapped from the reference channel WE2. Simple subtraction would be insufficient, as differences in sensor composition can lead to variations in the amplitude and temporal profile of the interference between the two channels, leaving residual noise after subtraction and necessitating adaptive correction (Figure S18). 
The implemented workflow separates each channel into slowly and rapidly varying components before adaptive filtering. APA then updates the mapping between recent WE2 fast components and the WE1 fast component, while the original WE1 current is retained for output reconstruction. This design reduces direct fitting of the slower baseline evolution attributed to the glucose-sensing channel.
· Trend separation
Let d[n] denote the with-enzyme primary current (WE1 channel) and x[n] the enzyme-free reference current (WE2 channel) at sample n. A centered moving average of width T = 100 samples was used to estimate the slow component of each signal. The fast components supplied to the adaptive filter were defined as


Here, MA denotes the centered moving average. At record boundaries, the average used the available samples, with a minimum of one sample. The median intersample interval was approximately 2 s in each record, giving a nominal 200 s trend window at approximately 0.5 samples s⁻¹.
· APA artifact estimation
For a filter length of L = 80 samples, the fast reference history was represented by 

APA updated the coefficient vector using P = 2 adjacent reference histories: the current history and the immediately preceding history. Stacking their transposes formed the P × L reference matrix   (2 × 80), and  contained the corresponding two WE1 fast-component values. The prediction-error vector was

The coefficients were updated according to

The adaptation step size was μ = 1.0, the diagonal regularization constant was , and was the 2 × 2 identity matrix. The implementation evaluated this update by solving the regularized 2 × 2 linear system. After each update, the current artifact estimate was calculated using the updated coefficients,

and the cleaned current was reconstructed on the original current scale as

The coefficient vector was initialized to zero for each recording. The first L + P − 2 = 80 samples were passed through unchanged while the reference-history matrix was populated; adaptation began at the 81st sample. Subtraction was performed on the original WE1 current d[n], leaving its slow component outside the adaptive target. 
· Parameter search and selection criterion
Parameter tuning was performed during method development using candidate APA configurations that varied the trend window T, reference gain g, filter length L, adaptation step size μ and projection order P (Table X1). Each candidate was evaluated on the complete paired record at the APA output stage.
Candidate outputs were ranked using a weighted score combining four dimensionless measures: the cleaned-to-raw ratio of fast-component standard deviations; the cleaned-to-raw ratio of first-difference standard deviations; the root-mean-square difference between the cleaned and raw slow trends, normalized by the raw slow-trend range; and the absolute difference in their net start-to-end trend changes, normalized by the absolute raw trend change. The respective weights were 0.45, 0.20, 0.25 and 0.10, with lower scores indicating a preferred candidate within the evaluated grid. Slow trends were recalculated using the candidate’s moving-average window, and 10⁻¹² was added to each normalization denominator to avoid division by zero. These fixed weights emphasized suppression of rapid fluctuations while penalizing distortion of the slower trajectory. (Table S6)
The one-parameter sensitivity sweeps used the 260715 record, with the remaining settings held fixed as shown in Table 1. Outputs were compared using first-difference standard deviation as a roughness measure, together with second-difference variation and fast-component variability. At L = 80, μ = 1.0 yielded the lowest roughness among the 41 tested step sizes. In the 151-value filter-length sweep at μ = 1.0, the lowest roughness occurred at L = 115. Relative to L = 80, this reduced roughness from 0.00250 to 0.00233 µA, while the reduction in fast-component standard deviation changed from 91.83% to 91.86%.
The configuration adopted for the present analyses was T = 100, g = 1.0, L = 115, μ = 1.0, P = 2 and δ = 10⁻⁶ (Table X2). The sweeps characterize sensitivity around this operating point and do not establish a joint global optimum. The selection measures describe current smoothness and consistency with the raw slow trend.
·  Fixed parameter settings
The same fixed parameters were applied to all measurements without record-specific tuning. 
6. Output reconstruction and additional smoothing
The APA output was additionally processed with a third-order Butterworth low-pass filter with a 10 s cutoff period (0.1 Hz), applied forward and backward using the median sampling interval in seconds. The output table retained the paired time values, raw channels, slow and fast components, estimated artifact, and APA current, together with the Butterworth-smoothed current when generated. The two processed currents were retained as distinct outputs. Illustrative results from two recordings can be found in Figure S20 and S21.
· Personalized calibration:
The artifact-corrected signal, i(t), was subsequently converted to glucose concentration, c(t), using a personalized calibration model (Eqn.8S), consistent with calibration strategies widely employed in other CGM systems52. Calibration for each individual was established during a defined glucose excursion by relating the change in i(t) to the corresponding change in glucose measured by the commercial CGM. Specifically, the maximum glucose excursion,          and the corresponding cGEM current excursion,         , were used to determine an individual current-to-glucose scaling factor. A normalization term,             , was used to account for differences in the initial cGEM current between sensing sessions, including baseline offsets associated with sensor-to-sensor, placement and interface variations. Accordingly, glucose concentration was calculated as


Here, and denote the artifact-corrected cGEM currents at time  and at the start of the measurement session, respectively. The calibration parameters , , , and represent the initial cGEM current, maximum blood-glucose change, corresponding cGEM current change, and maximum blood-glucose concentration, respectively. These were determined once from the glucose-excursion calibration session and were subsequently applied to all measurements from the same individual. A subject-specific temporal offset was additionally applied to account for the physiological lag between the blood and sweat glucose dynamics and fluid transport through the cGEM sampling system.  
[bookmark: _Toc760146996]Supporting Note #6: On-body Testing Protocols
All on-body trials were conducted to evaluate the performance of the cGEM under real-life conditions. Before each test, the earbud was assembled by integrating the microfluidic module with the electrochemical biosensing unit and was subsequently positioned in the ear. On-body measurements were performed following both continuous and on-demand testing protocols.
For continuous monitoring, the earbud was applied and maintained in the ear throughout the experiment to continuously monitor changes in glucose concentration. Following application, the biosensor required approximately 20-30 min to reach a stable current response. Data acquired after this stabilization period were considered for subsequent signal processing, which consisted of adaptive noise cancellation followed by personalized calibration. To induce physiological changes in glucose concentration, participants consumed different carbohydrate-containing foods or beverages during the measurements, including regular Coke (~25 g carbohydrates), chocolate (~5 g carbohydrates), and meals containing approximately 20–50 g carbohydrates (depending on the meal). For on-demand monitoring, the earbud was intermittently applied and removed at different times throughout the day, enabling short and discrete monitoring sessions associated with different daily activities. Glucose levels were monitored during representative activities, including food-drink intake, desk work, and physical exercise. 
Raw electrochemical data were acquired with a sampling interval of 2 s. The temporal glucose response measured by the earbud was compared with that obtained from a commercial continuous glucose monitor (CGM-Lingo), which provides glucose measurements at 5 min intervals. Accordingly, the earbud data were compared at 5 min intervals with the commercial CGM. Based on the corresponding glucose measurements, correlation plots were generated for each subject to assess the agreement between the two devices. 
Participants with different demographic characteristics and ear anatomies were included to evaluate device performance across individuals and variations in ear shape and size (Figure S12). Before each experiment, the outer ear and the skin-contacting surfaces of the earbud were cleaned to ensure proper hygiene and consistent contact between the device and the skin.
· Osmotic transport: Osmotic extraction was evaluated on-body using a 7.5 cm filter paper channel (0.4 cm of width) connected to agarose hydrogels preconditioned for 1 h in either PBS (pH 7.4, left ear) or 20% ethylene glycol (right ear). The paper was externally sealed with double-sided adhesive tape to minimize evaporation. Fluid displacement was imaged every 30 min over 3 h and quantified using ImageJ. Displacement and corresponding fluid volume were normalized to measurements at 60 min to minimize the contribution of initial capillary wicking (Figure S2).
· On-body flow stability: Flow performance was evaluated at rest and during exercise at three orientations relative to gravity (−90°, 0°, and +90°). A 1 µL dye droplet was dried onto an additional paper layer inserted between the hydrogel and main paper substrate. Bottom-view images were analyzed to determine the time-dependent wetted area and corresponding flow rate under different orientations and activity conditions by tracking the blue dye propagation in the circular microfluidic channel (Figure S4).


[bookmark: _Toc117731679]Supplementary Figures
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[bookmark: _Toc1636116161]Figure S1: Capillary wicking and hydration analysis. a) Time-resolved top-view images of capillary wicking in the paper-based microfluidic channel of the cGEM device, visualized by tracking the advancing front of a blue dye solution. The hydrogel was pre-soaked in the dye solution and placed in contact with the initially dry paper at t = 0. Complete paper hydration was achieved within 48 s, when the dye front reached the paper edge. b,c) Photographs of the assembled paper–hydrogel configuration after b, 1 min and c, 24 h, illustrating the substantial reduction in hydrogel volume and dehydration of the paper due to evaporation. Scale bar, 9 mm. d) Gravimetric analysis of fluid distribution and evaporation over 24 h. Initial measurements were obtained from the disassembled components, consisting of dry paper and fully hydrated hydrogel. After 1 min of assembly, the paper mass increased from 37.9 to 98.0 mg, corresponding to a 60.1 mg fluid uptake, consistent with the simultaneous 60.2 mg reduction in hydrogel mass. The remaining hydrogel retained sufficient fluid to sustain continued transport following initial paper hydration, supporting the evaporation-driven flow mechanism described in the main text. After 2 h, the paper mass remained nearly unchanged (97.0 mg), while the hydrogel mass decreased to 103.6 mg, indicating continued fluid transfer from the hydrogel to the paper to compensate for evaporative losses. After 24 h, the paper returned to approximately its initial dry mass (38.5 mg), while the hydrogel mass decreased to 3.8 mg, corresponding to approximately 1.8% of its initial mass, consistent with the 2% agarose hydrogel formulation. 
[image: ]
[bookmark: _Toc776842331]Figure S2: Osmotic sweat extraction from the in-ear region. a) Schematic illustration of two sweat-sampling configurations: natural perspiration and osmotic sweat extraction. In the natural perspiration configuration, the hydrogel contains no osmotic agent and collects naturally secreted sweat, which is subsequently transported through the paper-based microfluidic channel by evaporation-driven flow. Natural perspiration in the ear region has previously been demonstrated to support biochemical sensing [4]. The osmotic extraction configuration maintains the same geometry and components but incorporates 20% ethylene glycol (EG) into the hydrogel to generate an osmotic driving force for passive sweat extraction. The osmotic agent and its concentration were selected based on previous studies demonstrating effective sweat extraction from different body locations [5] [6] [7]. Incorporating this approach into the cGEM fluidic system increases the amount of sweat available for continuous sensing. b) Modified fluidic channel geometry used to evaluate sweat extraction. The circular paper channel was replaced with a longitudinal channel to enable direct visualization and quantification of the advancing fluid front, where faster front propagation indicates greater fluid uptake. c) Photographs of the experimental setup showing the paper channel extending from the ear, with the hydrogel positioned against the skin at the intended earbud contact location. Representative images compare the advancing fluid front under natural perspiration (top, PBS-soaked hydrogel without EG) and osmotic sweat extraction (bottom, hydrogel containing 20% EG). d) Quantitative analysis of fluid-front propagation under the two configurations. With osmotic extraction, the fluid front continued to advance at a rate of 0.09% of the channel length per minute (equivalent to 49 nL min⁻¹), whereas the PBS-only configuration exhibited negligible additional propagation after 60 min. These results demonstrate that incorporating EG enhances fluid uptake from the in-ear region compared with natural perspiration alone, supporting increased sweat availability for cGEM sensing.


[image: ]
[bookmark: _Toc1043888339]Figure S3: Radial fluid transport and flow through the paper network. a) In vitro characterization of radial fluid transport through the paper network to optimize the hydrogel and spacer radius, which determine the fluid supply from the hydrogel reservoir and the hydrogel–paper contact area, respectively. A 1 μL droplet of blue dye was deposited onto the skin-interfaced side of the hydrogel, initially free of dye, and radial propagation through the paper network was recorded from the bottom view. Average flow rates (n=3) were quantified after 45 min from the onset of blue-dye transport within the paper layer. b) In vitro characterization of the induced radial flow in the paper as a function of evaporation area, spanning from ~0 cm2 to 2.4 cm2. A 1 μL droplet of blue dye was added onto the skin-interfaced side of the hydrogel, where no dye was initially present, and radial propagation within the paper network was recorded at 15 min intervals from the bottom view starting at 0 min. Flow rate quantification during the first 45 min of operation based on the experimental data shown in Fig. 2c, acquired in triplicate (n=3) for each evaporation area.
[image: ]
[bookmark: _Toc239197625]Figure S4: Evaluation of fluid transport across orientations relative to gravity. (i) At rest and (ii) during mild cycling across three microfluidics orientations relative to gravity: horizontal pro-gravity (−90°), vertical (0°), and horizontal anti-gravity (90°). Blue-dye transport was monitored for 90 min by tracking the fluid front radial progression within the paper layer of microfluidic unit. For flow visualization, a few microliters of blue dye were preloaded onto a small paper pad positioned between the paper microfluidic layer and the skin-interfaced hydrogel. Images of the device were acquired at regular 15-min intervals and analyzed using ImageJ to track fluid-front progression and quantify flow rates, demonstrating stable fluid transport across the tested configurations regardless of gravitational and inertial effects.


[image: ]
[bookmark: _Toc70509339]Figure S5: SEBS sensor flexibility and placement. Styrene-ethylene-butylene-styrene (SEBS) was used as the sensor substrate, enabling sufficient flexibility and reversible attachment for use on the earbud surface. Scale bar, 5 mm.



[image: ]
[bookmark: _Toc246414029]Figure S6: Characterization of through-substrate conductive vias. Schematic illustration of the electrode array showing vertical interconnects formed through the SEBS substrate (top). Cross-sectional view of a punched via filled with conductive Ag/AgCl ink to establish electrical continuity between the sensing electrodes and backside contact pads for integration with earbud electronics (bottom). Scale bar, 0.2 mm. The electrical connection established through the vias is demonstrated in Supplementary Video S3.

[image: ]
[bookmark: _Toc445233013]Figure S7: Optimization of Pt electrodeposition on Pt-sputtered electrodes. a) Linear sweep voltammetry (LSV) curves recorded during Pt electrodeposition over 20 cycles at 50 mV/s from 0.6 V to –0.5 V. The characteristic Pt reduction peak is observed at –0.35 V and increases with cycle number. b) SEM images of the planar electrode surface following different electrodeposition cycles: (i) bare sputtered Pt without electrodeposition (0 cycles), (ii) isolated Pt clusters after 10 cycles, (iii) homogeneous coverage of 2D clusters after 20 cycles, and (iv) large, inhomogeneous 3D aggregates after 40 cycles. c) Size and distribution analysis of Pt clusters after 20 deposition cycles, showing an average diameter D of 1.1 µm with a standard deviation of 1.0 µm, yielding uniform coverage and porosity. Scale bar: 5 µm. d) Sensor calibration curves modified with GOx (100 mg/mL) and GA, comparing 0 and 20 electrodeposition cycles across additions up to 1000 µM glucose. Electrodes prepared with 20 cycles showed the highest sensitivity and were selected for final sensor fabrication.



[image: ]
[bookmark: _Toc1216374321]Figure S8: Effect of Pt electrodeposition on the electrochemical response. All electrodes were additionally modified with glucose oxidase (GOx) and glutaraldehyde (GA). a) CV curves recorded at 100 mV/s from 0 to 0.8 V in 1x PBS (pH 7.4) before and after Pt electrodeposition, showing an increased background current after Pt electrodeposition. b) CV curves on Pt-sputtered SEBS without Pt electrodeposition, showing only a slight increase in current after adding 2 mM glucose, reaching a maximum of ~30 µA. c) CV curves after Pt electrodeposition, demonstrating a significant increase in current exceeding 100 µA in the presence of 2 mM glucose. d) The optimal operational potential window was found by plotting the current ratio ([image: ]) along the forward anodic scan (0 to 0.8 V) against potential. The maximum ratio appeared at 0.39 V, serving as the basis to select an operating potential slightly below this peak for subsequent chronoamperometric measurements.
[image: ]
[bookmark: _Toc462833144]Figure S9: Evaluation of sensor variability and multi-day storage stability. a) The current response in PBS measured using chronoamperometry of 5 sensors tested on the same day. The sensors consist of a platinum working electrode and Ag-AgCl ink coated platinum reference-counter electrode. The working electrode has an additional platinum electrodeposition achieved through 15 cycles of linear sweep voltammetry with a platinum solution. Glucose modification was performed using the following protocol. 5 µL of Gox (1 unit per µL) was deposited on each working electrode and dried under a fan at low speed for 20 minutes. 5 µL of GA was then added to each working electrode and dried under a fan at low speed for 20 minutes. An incubation period of 1 day was allotted before testing the sensors. b) Multi-day stability test of 15 sensors tested over ten days. Sensors were stored in the refrigerator until use. The ratio of change in current from glucose addition (baseline average current in PBS subtracted from averaged current response after glucose addition) to baseline current in PBS. The addition of 1 µL of 100 mM glucose to 50 µL PBS on the working electrode resulted in a final glucose concentration of 2 mM. c) Temperature and humidity effect on sensor output, showing stable signal responses across a temperature range from 20 °C to 50 °C and humidity range from 55% to 100%, leading to a maximum RSD% of 4%. 
[image: ]Figure S10: Design and fabrication of the 3D-printed earbud housing. a) Technical drawings and dimensions (in mm) of the earbud parts. Left: outer side view of the left earbud, showing the slit that enables connection of the earbud charging cap to the charging pads of the case. Middle: disassembled view showing the modular parts that are glued together to accommodate the eChem board, music board, audio module, speaker, battery, and charging cap, with the slit for easy sensor placement visible on the left side. Right: front view showing the slit for easy sensor placement and alignment. b) Individual SLA 3D-printed parts. From left to right: cap for sensor placement (top left), lower cap with slit for charging pads (bottom left), back cover (middle), and body of the earbud (right). Scale bar: 10 mm.
[image: ]
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[bookmark: _Toc1283674586]Figure S11: SEBS-assisted modular sensor placement. a) Integration of an Ag/AgCl contact layer on the earbud housing connected to the internal electrochemical circuit. Scale bar, 6 mm. b) Structural schematic of the sensor (left) and its reverse-side contact pads (right), enabling reversible attachment via SEBS self-adhesion. The flexible sensor demonstrated good mechanical durability under bending and conformed well to the curved earbud surface (Video S1) 


[image: ]
[bookmark: _Toc102963666]Figure S12. Ergonomic conformity of the cGEM across diverse ear anatomies. Representative images of four participants with diverse demographic characteristics and ear anatomies wearing the cGEM, illustrating variation in ear shape and size across individuals.
[image: ]
[bookmark: _Toc1136177331]Figure 13: Electrical schematic of the custom PCB in Altium Designer.

[image: ]
[bookmark: _Toc2063161006]Figure 14: Hardware design and implementation of the custom PCB. a) Complete circuit schematic designed in Altium Designer. b) Top-layer and c) bottom-layer PCB layout routing and component placement.
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[bookmark: _Toc1351459060]Figure S15: Dual-channel validation of the enzymatic sensors. a) Three additions of 0.250 mM glucose solution were added to the sensor (715s, 1205s, 1525s), with an equilibration period of approximately five minutes between additions. An initial settling time of ten minutes was given for the measurements to stabilize in the buffer solution before glucose additions b) Before vs after 10-sample averaging for noise reduction c) Dual-channel CA was tested with two H2O2 sensors, with each buffer solution spiked approximately 3 minutes apart to examine the individual response of each channel d) Original signals from dual-channel CA before zeroing
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[bookmark: _Toc374163117]Figure S16: Battery and power consumption evaluation. The system is powered by a 3.7 V, 60 mAh rechargeable Li-ion battery and consumes an average of 48 mW. It supports up to 5 h of continuous operation and can be recharged through a customized charging interface. a) Sleep cycling used to reduce the power consumption of the board. b) Comparison of 30mAh vs 100mAh Li-ion battery and their estimated lifespan. c) RSSI vs distance between smartphone and device. d) Current output under parallel configuration.








[bookmark: _Toc1304951963][image: ]Figure S17: Custom charging interface design and assembly. a) Technical drawings and dimensions (in mm) of the inner case, outer case, and lid modeled in Fusion 360. Shown are the top view and side views of the inner case illustrating the earbud alignment geometry and stem slots, as well as the combined assembly dimensions. The space between the inner and outer housing accommodates the battery and charging pad assembly, with an external cutout for a USB-C port. b) 3D-printed outer casing featuring the window for the battery display and internal clearance for the charging module. c) 3D-printed inner case showing the earbud alignment geometry with terminal slits that expose the earbud charging caps to the internal charging pads (top), alongside the printed lid (bottom). d) Fully assembled case comprising the inner housing, outer casing, lid, and charging pad assembly, with one earbud charging inside. e-g) Photographs of the disassembled components, including one image showing the system assembled with the cGEM earbud in place. All components were SLA 3D-printed using a Formlabs Form 4 resin printer. The operation of the customized earbud charging case is demonstrated in Supplementary Video S2.
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[bookmark: _Toc1980942284]Figure S18: On-body evaluation of adaptive noise cancellation under controlled pressure, motion, and acoustic perturbations. a) Raw WE1 (enzyme-modified) and WE2 (enzyme-free reference) current signals recorded during a 2-h on-body monitoring session encompassing a meal-induced glucose excursion and controlled pressure, motion, and audio perturbations. (b–d) Enlarged views of the time windows corresponding to the controlled application of (b) pressure, (c) motion, and (d) music, showing the raw WE1 signal (top, dotted line) and the raw WE2 reference signal (middle, grey), processed using the APA algorithm to obtain the APA-corrected WE1 signal (top, black solid line). The corresponding perturbation profiles are shown at the bottom of each chart within the application windows, with intensity monitored using a pressure sensor (measures force in N) on top of the glucose sensor, motion sensor attached to the head (measures acceleration in m s⁻2), and acoustic sensor next to the glucose sensor (measures sound pressure level in dB), respectively. 
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[bookmark: _Toc1997479530]Figure S19: Active noise cancellation (ANC) performance comparison with WE1-WE2 direct substraction. Illustrative ANC results of 2600715. Raw WE1 currents (grey), substraction results (purple), and APA ANC outputs (red). T = 100, g = 1.0, L = 115, P = 2, μ = 1.0 and δ = 10⁻⁶ settings were used in all panels. Time and current axis are expressed with the original record origins retained.



[image: ]
[bookmark: _Toc1634125726]Figure S20: Active noise cancellation (ANC) performance. Illustrative ANC results of 260626 and 260629. Raw WE1 currents (grey), APA outputs (red) and Final output trend. T = 100, g = 1.0, L = 115, P = 2, μ = 1.0 and δ = 10⁻⁶ settings were used in all panels. Time and current axis are expressed with the original record origins retained. The configuration was applied to the prepared paired records 260626 and 260629, comprising 3,601 and 3,586 sample pairs, respectively, with the original time origins retained. All samples in these paired input records were included in the comparisons.
[image: ]
[bookmark: _Toc497544663]Figure S21: Active noise cancellation (ANC) performance. Illustrative ANC results of 260629 and 260629. Raw WE1 currents (grey), APA outputs (red) and Final output trend. T = 100, g = 1.0, L = 115, P = 2, μ = 1.0 and δ = 10⁻⁶ settings were used in all panels. Time and current axis are expressed with the original record origins retained.
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[bookmark: _Toc794860068]Figure S22: Effect of cGEM sensing session selection on the representativeness of daily glucose monitoring. Comparison of glucose measurements obtained from different combinations of periodic cGEM sensing sessions with the corresponding 24-h glucose profile recorded by a commercial CGM. The analysis evaluates the effect of progressively excluding sensing sessions on glucose range, mean glucose concentration, minimum and maximum glucose levels, and overall agreement between the two monitoring systems. Agreement was assessed using the mean absolute relative difference (MARD), absolute and relative errors, and the percentage agreement in glucose range. The results demonstrate that excluding sensing sessions associated with substantial glucose changes progressively reduces the ability of periodic cGEM monitoring to represent the daily glucose range, highlighting the importance of session timing for capturing representative glucose dynamics.
Glucose range:


Minimum glucose error (%):

Maximum glucose error (%):

Mean glucose error (%):

Glucose range error (%):

Overall agreement (%):



[bookmark: _Toc243507714]where Gmin, Gmax,   , and R represent the minimum, maximum, mean, and range of glucose concentrations, respectively. The subscripts cGEM and CGM denote the periodic cGEM measurements and the corresponding 24-h commercial CGM measurements, respectively.
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[bookmark: _Toc125580572]Figure S23: Schematic illustration of the numerical model and boundary conditions used for finite element simulations of fluid and mass transport. The three-dimensional schematic (left) illustrates the device geometry, comprising a central hydrogel inlet (where sweat is captured, green area) surrounded by a circular paper channel and an outer evaporation-driven outlet (red area). The corresponding two-dimensional model (right) shows the simplified computational domain and applied boundary conditions, including evaporation-induced flow at the outlet, prescribed inlet conditions at the hydrogel, and no-flux conditions at the impermeable boundaries. Here, u is the fluid velocity vector, H is the prescribed evaporation-induced velocity magnitude, n is the outward unit normal vector, J is the glucose flux vector, c is the glucose concentration, (x) and (y) are spatial coordinates, (t) is time, and     denotes the computational domain. Here, c0 is the inlet glucose concentration, multiplied by a rectangular pulse function, , to simulate discrete sweat absorption events. All parameter values used in the simulations are listed in Table S55. Both the three-dimensional (3D) and simplified two-dimensional (2D) geometries were employed in this study, and the optimization process was performed for both models. Only the 2D optimization process is presented below, as the same procedure was applied to the 3D model.
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[bookmark: _Toc446537966]Figure S24: Mesh Convergence and Numerical Validation. Mesh convergence was verified by progressively refining the mesh and evaluating the channel velocity profile across the channel. A normal mesh level was selected, where the computational domain was discretized into 8,302 mesh elements distributed throughout the patch, with a symmetry boundary condition applied along the centerline of the cross section. Coarser meshes exhibited significant deviations from the expected parabolic velocity profile, whereas further mesh refinement resulted in less than a 1% change in velocity and was therefore deemed unnecessary.
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[bookmark: _Toc1557270366]Figure S25. Finite element simulation of glucose transport within the paper-based microfluidic patch. Time-dependent spatial distributions of glucose concentration, fluid velocity magnitude, total glucose flux, convective flux, and diffusive flux within the hydrogel and paper channel. The simulations illustrate glucose transport from the hydrogel into the paper channel under evaporation-induced flow, highlighting the contributions of convection and diffusion to glucose transport over time. The schematic (top right) illustrates the simplified two-dimensional geometry and the evaporation-induced flow boundary conditions, where H represents the prescribed evaporation-induced velocity magnitude. The color scales indicate the magnitude of each parameter, with time progressing from top to bottom. As expected, the simulations demonstrate the continuous transport of fresh glucose from the hydrogel through the paper channel toward its outer edge, where evaporation occurs, driven by evaporation-induced fluid flow.



[image: ]
[bookmark: _Toc1754721645]Figure S26: Effect of evaporation mass flux and evaporation area on glucose transport within the paper-based microfluidic patch. Finite element simulations showing the time-dependent spatial distribution of glucose under different evaporation mass fluxes (top) and evaporation areas (bottom). Increasing either the evaporation mass flux or the exposed evaporation area enhanced evaporation-induced fluid flow, resulting in faster glucose transport from the hydrogel toward the outer edge of the paper channel. In contrast, in the absence of evaporation or an exposed evaporation area, convective transport was eliminated, leaving diffusion as the sole mechanism of glucose transport.



[bookmark: _Toc1501384225]Supplementary Tables 
a)
	Replicates of different hydrogel radius (mm)
	Δareas (45 min) / cm2 relative t = 0 min
 
	Surface fluid velocity (cm2/min)
 
	Flow rate (nL/min)
 

	3
	0.24
	0.005
	90

	3
	0.19
	0.004
	72

	3
	0.37
	0.008
	140

	5
	1.55
	0.026
	470

	5
	1.38
	0.031
	560

	5
	1.29
	0.029
	520

	6
	1.62
	0.036
	650

	6
	1.34
	0.030
	540

	6
	1.65
	0.037
	670


b)
	Replicates of different spacer radius (mm)
	Δareas (45 min) / cm2 relative t = 0 min
 
	Surface fluid velocity (cm2/min)
 
	Flow rate (nL/min)
 

	0.25
	0.08
	0.0018
	32

	0.25
	0.07
	0.0016
	29

	0.25
	0.07
	0.0016
	29

	2.5
	1.40
	0.023
	410

	2.5
	1.49
	0.025
	450

	2.5
	1.40
	0.023
	410

	5
	1.55
	0.026
	470

	5
	1.38
	0.031
	560

	5
	1.29
	0.029
	520


c)
	Replicates of different evaporation areas (cm2)
	Δareas (t) / cm2 relative t = 0 min
 
	Surface fluid velocity (cm2/min)
 
	Flow rate (nL/min)
 

	 
	0 min
	15 min
	30 min
	45 min
	0 min
	15 min
	30 min
	45 min
	0 min
	15 min
	30 min
	45 min

	2.40
	0
	0.40
	0.80
	1.16
	0.00
	0.03
	0.03
	0.02
	0.0
	537.0
	483.1
	406.3

	2.40
	0
	0.45
	0.83
	1.33
	0.00
	0.03
	0.03
	0.03
	0.0
	544.3
	500.1
	530.5

	2.40
	0
	0.45
	0.81
	1.02
	0.00
	0.03
	0.03
	0.03
	0.00
	481.3
	481.8
	462.3

	1.4
	0
	0.26
	0.48
	0.71
	0.00
	0.02
	0.02
	0.02
	0.00
	310.2
	290.8
	282.8

	1.4
	0
	0.29
	0.75
	0.96
	0.00
	0.02
	0.02
	0.02
	0.0
	345.0
	448.9
	382.3

	1.4
	0
	0.17
	0.55
	0.88
	0.00
	0.01
	0.02
	0.02
	0.0
	209.8
	330.9
	351.6

	0
	0
	0.20
	0.39
	0.54
	0.00
	0.01
	0.01
	0.01
	0.0
	238.0
	236.4
	214.6

	0
	0
	0.14
	0.25
	0.33
	0.00
	0.01
	0.01
	0.01
	0.0
	172.4
	149.7
	132.8

	0
	0
	0.06
	0.10
	0.16
	0.00
	0.004
	0.003
	0.004
	0.00
	70.0
	58.7
	63.2


d)
	Evap.
Area (cm2)
	ΔW(t) over time / mg

	
	0h
	1h
	2h
	3h
	4h
	5h
	6h
	7h
	8h
	9h
	10h

	2.40
	48.6
	48.6
	50.0
	49.4
	49.9
	50.1
	49.5
	39.5
	33.7
	24.9
	18.0

	2.40
	59.0
	52.8
	53.3
	53.9
	54.3
	54.2
	54.1
	53.7
	47.2
	31.3
	21.6

	2.40
	55.1
	56.2
	57.3
	58.7
	58.5
	57.0
	57.4
	48.4
	46.1
	38.2
	29.0

	1.4
	52.3
	52.5
	51.1
	51.9
	52.0
	51.9
	51.9
	50.5
	51.1
	49.1
	45.0

	1.4
	51.9
	50.1
	51.3
	51.8
	51.0
	51.3
	51.6
	49.2
	47.7
	45.6
	42.9

	1.4
	43.5
	45.9
	46.3
	47.0
	46.9
	47.0
	47.5
	44.8
	42.9
	41.8
	36.9

	0
	53.9
	56.1
	56.1
	55.5
	55.8
	55.5
	56.5
	53.2
	53.5
	52.2
	50.7

	0
	52.5
	48.5
	47.4
	46.4
	46.5
	46.8
	46.7
	53.5
	53.3
	49.6
	47.7

	0
	51.8
	54.4
	54.4
	54.6
	54.4
	54.5
	54.9
	54.2
	53.4
	51.8
	50.2


[bookmark: _Toc797711720]Table S1: Flow rate calculation. Hydrogel a) and Spacer b) radius optimization: The area of the paper substrate (n=3) covered by the blue dye was determined by converting the number of dye-covered pixels (obtained by ImageJ) into an area using the known paper substrate area (3.14 cm²). The change in the area occupied by the dye between t = 0 min, corresponding to the onset of radial transport following dye diffusion through the hydrogel, and t = 45 min was calculated to determine the area covered by the fluid during the measurement period (Δarea / cm2). The corresponding flow rate was estimated by first dividing the area change by the elapsed time (45 min), thereby obtaining the surface fluid velocity (cm2 / min), and then multiplying the paper thickness (0.18 mm). Flow rates are expressed in nL min⁻¹. c) Effect of evaporation area on fluid transport: The area of the paper substrate (n=3) covered by the blue dye was determined by converting the number of dye-covered pixels (obtained by ImageJ) into an area using the known paper substrate area (3.14 cm²). The change in the area occupied by the dye between t = 0 min, corresponding to the onset of radial transport following dye diffusion through the hydrogel, and t = 15, 30, and 45 min was calculated to determine the area covered by the fluid during the measurement period (Δarea / cm2). The corresponding flow rate was estimated by first dividing the area change by the elapsed time (t = 15, 30, and 45 min), thereby obtaining the surface fluid velocity (cm2 / min) over time, and then multiplying the paper thickness (0.18 mm). Flow rates are expressed in nL min⁻¹. d) Long-term monitoring of paper hydration: Gravimetric analysis of evaporative loss was conducted by first weighing the paper substrate in the absence of hydrogel to obtain its dry weight . Following this, the hydrogel was applied onto the paper layer and the fully-wet weight was considered as a reference, associated with t = 0 h. By further weighing the paper layer, with 1-h intervals, the weight variations relative to the dry weight were acquired (ΔW(t) / mg) over time, up to 10 h. The resulting paper hydration percentage was derived by normalizing the ΔW(t) over ΔW(0).


	 Species​
	Electroactive?​
	Approx. oxidation potential vs Ag/AgCl​
	Typical concentration in sweat​
	Potential interference at +0.3V​

	Hydrogen peroxide (H₂O₂)​
	Yes​
	+0.25 to​
	stoichiometrically proportional to glucose consumption by GOx (~0.06–0.2 mM)​
	-​

	Glucose ​
(Gluc)​
	Yes​
	+0.6 V​
	~0.06–0.2 mM commonly reported (PubMed Central (PMC))​
	No​

	Acetaminophen​
(Acet)​
	Yes​
	+0.5V​
	μM range​
	No​
​

	Potassium ​
(K⁺)​
	No​
	—​
	1-10mM (PubMed Central (PMC))​
	No​
​

	Ascorbic acid​
(AA)​
	Yes​
	~+0.1 to +0.3 V​
	tens of μM ​
(PubMed Central (PMC))​
	Yes​

	Lactate​
(Lact)​
	Yes​
	+0.7 V​
	5–30 mM​
	No​

	Uric acid​
(UA)​
	Yes​
	~+0.4 to +0.5 V​
	tens of μM​
	Yes​

	Cortisol​
(Cort)​
	No​
	—​
	nM range (PubMed Central (PMC))​
	No​

	Sodium​
(Na⁺)​
	No​
	—​
	10–90 mM (PubMed Central (PMC))​
	No​

	β-Hydroxybutyrate (BHB)​
	No​
	—​
	μM–low mM​
	No​

	Glucose ​
(Gluc)​
	Yes​
	+0.7 V​
	~0.06–0.2 mM commonly reported (PubMed Central (PMC))​
	No​


[bookmark: _Toc424560773]Table S2. Physiological sweat biomarker concentrations for interferent tests. Although ascorbic acid (AA) and uric acid (UA) are electroactive within a potential range that overlaps with H₂O₂ oxidation and produced relatively larger current changes than the other tested interferents, their physiological concentrations in sweat are substantially lower than that of glucose. Their contribution to the overall glucose signal is therefore expected to remain negligible under physiological conditions [8] [9] [8].


	Qty​
	Footprint Name​
	Value​
	Parts​

	1​
	RF ANT 2.4GHZ CHIP SOLDER SMD​
	2.4GHZ ANTENNA​
	AE1​

	1​
	LG L29K-G2J1-24-Z​
	LED GREEN DIFFUSED 0603 SMD​
	D1​

	1​
	IND 0402​
	3.9nH​
	L1​

	1​
	AD5941BCPZ​
	AD5941​
	U1​

	1​
	AD5940BCPZ-RL​
	AD5940​
	U1​

	1​
	NRF52832-QFAB-R​
	NRF52832​
	U2​

	1​
	XTAL 0504​
	32MHz​
	X1​

	1​
	ABS07-32.768KHZ-T​
	32.768kHz​
	X2​

	6​
	CAP 0201​
	0.1uF​
	C1, C3, C5, C11, C13, C18​

	5​
	CAP 0201​
	0.47uF​
	C2, C4, C6, C7, C10​

	2​
	CAP 0201​
	DNC​
	C8, C14​

	1​
	CAP 0201​
	0.8pF​
	C9​

	1​
	CAP 0201​
	12pF​
	C12​

	1​
	CAP 0201​
	100pF​
	C15​

	1​
	CAP 0201​
	1uF​
	C16​

	1​
	CAP 0201​
	4.7uF​
	C17​

	1​
	RES 0201​
	220​
	R1​


[bookmark: _Toc2592655]Table S3: Bill of Materials for custom PCB. Includes two values for U1; AD5940 BGA for version 1, AD5941 QFN for version 2


	​cGEM [Glu]​

	Individual ​
	Max​
	Min​
	Range​
	Mean ​
	Sample count​

	#1​
	138​
	77​
	61​
	98​
	87​

	#2​
	126​
	65​
	61​
	86​
	104​

	#3​
	123​
	75​
	49​
	90​
	84​

	#4​
	116​
	68​
	48​
	92​
	90​


[bookmark: _Toc1289346776]Table S4: On-body cGEM measurement daily statistics across individual participants. Mean glucose levels nevertheless differed between individuals, with participant 1 exhibiting values closer to the upper end of this range, whereas the remaining participants generally exhibited lower values  

	Parameter​
	Symbol​
	Value​
	Unit​

	Temperature​
	T​
	293​
	K​

	Water density​
	rho​
	998​
	kg/m³​

	Dynamic viscosity​
	mu​
	0.00095​
	Pa·s​

	Measured evaporation mass flux​
	H​
	2.81E-04​
	kg/(m²·s)​

	Glucose diffusion coefficient​
	D​
	6.7E-10​
	m²/s​

	Channel length​
	L​
	20​
	mm​

	Channel width (2D plan view)​
	w​
	1​
	mm​

	Paper thickness​
	h​
	0.18​
	mm​

	Outlet Velocity​
	U​
	0.000000282​
	m/s​

	Exposed length — One side​
	L​
	3.75​
	mm​


[bookmark: _Toc2031617245]Table S5: Simulation parameters. 



	Parameter​
	Initial APA grid​
	Additional sensitivity sweep​

	Trend window, T​
	31, 51, 75, 101, 151 samples​
	100 samples (fixed)​

	Reference gain, g​
	1, 2, 5, 10​
	1.0 (fixed)​

	Filter length, L​
	4, 6, 8, 10, 12, 16, 20, 30, 40 samples​
	50–200 samples, step 1; μ = 1.0​

	Step size, μ​
	0.005, 0.01, 0.02, 0.05, 0.08, 0.10, 0.20, 0.35, 0.50​
	0.80–1.20, step 0.01; L = 80​

	Projection order, P​
	1, 2, 3, 4​
	2 (fixed)​

	Regularization, δ​
	10⁻⁶ (fixed)​
	10⁻⁶ (fixed)​


[bookmark: _Toc2054385826]Table S6: APA parameter grid and additional sensitivity sweeps.
 
	Quantity​
	Symbol​
	Value​
	Function​

	Trend window​
	T​
	100 samples​
	Separates slow and fast components.​

	Reference gain​
	g​
	1.0​
	Uses the detrended reference without scaling.​

	Filter length​
	L​
	115 samples​
	Sets the reference-history length.​

	APA step size​
	μ​
	1.0​
	Sets the coefficient-update magnitude.​

	APA projection order​
	P​
	2​
	Uses two adjacent reference histories.​

	APA regularization​
	δ​
	10⁻⁶​
	Stabilizes the reference Gram matrix.​


[bookmark: _Toc1902971609]Table S7: Optimized parameters used in the ANC implementation


[bookmark: _Toc2112753730]Supplementary Videos 
[bookmark: _Toc747473617]Video S1: Demonstration of Sensor Durability
[bookmark: _Toc734611333]Video S2: Showcase of earbud charging case
[bookmark: _Toc857264146]Video S3: Concept demonstration of simple sensor placement and electrical connection
[bookmark: _Toc987823604]Video S4: Real-Time Data Collection Through a Mobile App 
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