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Table S1 Our Recommended CFD Validation Protocol for GBM-on-chip Platforms.
	Validation Step
	Type
	Purpose
	Method 
	Key References

	Mesh Convergence
(Grid Independence)
	Computational
	Ensure numerical solution is independent of mesh resolution (reduce discretisation error)
	Run simulations with successively finer meshes; monitor key outputs (e.g. flow rate, pressure, concentration). Continue refining until changes are below a set threshold. Optionally calculate Grid Convergence Index (GCI) to quantify uncertainty
	ASME V&V 20 guidance on mesh refinement, and CFD best practices (ASME, 2009; Richard G. Hills et al., 2015) 

	Time-Step Independence (for unsteady simulations)
	Computational
	Ensure transient solutions are independent of time-step sise (no integration error)
	Decrease the time-step in transient CFD simulations and compare results (e.g. peak concentrations, oscillation amplitude). Choose a time-step that yields negligible change in results relative to a smaller step.
	ASME V&V 20 transient V&V (ASME, 2009)

	Code Verification
	Computational
	Verify that the simulation code solves governing equations correctly (no programming errors)
	Test the CFD code against analytical solutions or benchmark cases. For example, compare simulated Poiseuille flow in a simple channel to analytical velocity profile; check mass conservation in a closed-loop simulation. Use published benchmark data such as (Hariharan et al., 2017) for verification
	ASME V&V 20-2009, CFD code verification (ASME, 2009); FDA benchmark studies (FDA, 2016)

	Solver/Calculation Verification
	Computational
	Ensure the specific simulation setup is numerically accurate (solver settings, convergence)
	Check that residuals are minimised, and solution iterative convergence is achieved. Perform localised refinements or alternative solver schemes to see if results remain consistent. Confirm no significant numerical artifacts (e.g. oscillations) in results.
	ASME V&V 20 standard (ASME, 2009)

	Sensitivity Analysis
	Computational
	Identify which input parameters most influence model outputs (robustness check)
	Vary key inputs one-factor-at-a-time or via design of experiments (e.g. ±10–20% changes in viscosity, permeability, cell uptake rates). Observe changes in outputs (flow rate, gradients). Map sensitivities to determine which parameters require accurate measurement and which have minor effect
	ASME V&V 40 emphasises sensitivity studies for risk assessment (ASME, 2018); FDA guidance on model risk informs depth of sensitivity needed (FDA, 2023)

	Uncertainty Quantification (UQ)
	Computational
	Quantify the impact of input and model uncertainties on simulation predictions (provide confidence bounds)
	Define distributions or ranges for uncertain inputs (e.g. diffusion coefficient, inlet flow variability). Use Monte Carlo simulations or analytic uncertainty propagation to compute confidence intervals for outputs. For example, report that drug concentration at tumour core is X ± Y%. Document any biases. If uncertainties remain, record and note whether they likely make predictions conservative or non-conservative. 
	ASME V&V 40 framework for risk-informed UQ (ASME, 2018); OECD PBK Model Guideline on documenting uncertainties (OECD, 2021)

	Experimental Calibration (if needed) 
	Both
	Calibrate model parameters to match experimental baseline (before validation)
	If certain parameters are unknown or tuneable (e.g. wall drag coefficient, cell permeability), perform calibration experiments. Fit the CFD model to a simple case (e.g. straight-channel pressure drop, or diffusion in a blank chip without cells) to estimate these parameters. Use the calibrated values in subsequent simulations.
	OECD guidance on model calibration and reporting (OECD, 2021)

	µPIV Velocity Field Validation
	Experimental
	Validate velocity field and shear predictions in microchannels or porous regions
	Seed the chip’s fluid with fluorescent micro-particles. Use micro-particle image velocimetry to capture velocity vectors in regions of interest (e.g. channel, around tumour spheroid). Compare vectors and velocity profiles to CFD predictions – qualitatively (flow patterns) and quantitatively (line profiles of velocity). Ideally, compute error metrics (e.g. mean difference) between experimental and simulated velocities.
	Example: (Rito Pereira et al., 2022) micro-PIV vs CFD in micro-canals showed close agreement; µPIV widely used for Lab-on-chip validation (Silva et al., 2008)

	Pressure Drop / Flow Rate Validation
	Experimental
	Verify overall flow behaviour (circuit analogy) in device against model
	Measure the pressure drop across the device at known flow rates using a manometer or pressure sensor. Alternatively, impose a pressure drop and measure resulting flow rate. Compare to CFD-predicted pressure-flow relationship. This checks the bulk hydraulic resistance of the chip (important for overall perfusion).
	Standard fluid mechanics (e.g., Hagen–Poiseuille) for baseline; (FDA, 2016) benchmark nozzle or microfluidic network models; Ensures no major leaks or mis-modelled resistances in CFD

	Tracer/Dye Visualisation of Gradients
	Experimental
	Validate species transport and mixing predictions (concentration fields)
	Introduce a coloured or fluorescent tracer into the device to establish a concentration gradient or mixing interface (e.g. a dye in one inlet of a Y-channel). Capture images or intensity profiles over time. Compare the measured concentration profiles or front propagation speed with CFD simulation of the tracer. For steady gradients (e.g. in a gradient generator), compare the profile shape (linear, exponential, etc.) between experiment and simulation.
	(Marturano-Kruik et al., 2018)  validated CFD-predicted flow velocities using fluorescent microspheres in bone-on-chip to; (Tonon et al., 2019) used ruthenium dye to validate O₂ gradient shape

	Oxygen Gradient & Concentration Validation
	Experimental
	Confirm CFD-predicted oxygen (or nutrient) distributions and identify hypoxic zones correctly
	Use oxygen-sensitive fluorescent sensors (e.g. ruthenium-based dye or optical sensor spots) in the chip. Calibrate the sensor (21% O₂ and 0% O₂ references). Measure oxygen levels at various positions under operating conditions. Compare to CFD-predicted O₂ values at those positions. Additionally, use hypoxia markers (e.g. pimonidazole staining in cells, or HIF-1α immunostaining) after an experiment to see if regions predicted to be hypoxic indeed show hypoxia biologically. This provides qualitative validation that the oxygen depletion predicted by the model has biological effects in those regions.
	(Ando et al., 2017) embedded O₂ sensor particles in a tumour chip, showing sensor readings matched simulation and correlated with pimonidazole staining; (Guidance Document on Good In Vitro Method Practices (GIVIMP), 2018) suggests using analytical measurements to validate gradients in microphysiological systems

	Sensor Integration and Calibration
	Experimental
	Validate model using on-chip sensor data (flow, pressure, etc.), ensuring sensor accuracy
	Calibrate on-chip sensors (flow sensors, pressure transducers, oxygen probes) with known standards (e.g. known flow rates from a pump, known gas concentrations). During chip operation, record sensor outputs (e.g. real-time flow rate or oxygen level) and compare against CFD-predicted values at the same sensor location/conditions. Use calibrated correction factors if needed. This real-time validation can also track if the model holds over time (e.g. does predicted flow remain stable and equal to measured flow over hours).
	Microfluidic oxygen sensor calibrated at 0% and 21% O₂ to validate gradient formation (Rexius-Hall et al., 2017)

	Statistical Comparison and Acceptance Criteria
	Both
	Quantitatively assess model vs. experiment agreement and decide if model is “validated” for purpose
	Apply statistical tests or error metrics to the validation data. For instance, use the student’s t-test or equivalence tests to see if simulation and experiment differ significantly, accounting for uncertainty. Define acceptance criteria (e.g. “CFD and experiment must agree within 10% for key outputs”). If criteria are met, model is validated for that condition (context of use). If not, identify whether discrepancies are due to model error or experimental uncertainty, and iterate. A threshold-based approach can be used: if differences are small relative to a critical threshold (e.g. a safety limit of shear stress), the model may be acceptable 
	FDA’s “threshold-based” validation approach for medical CFD models (Hariharan et al., 2017b); ASME V&V 40 provides a structured risk-based acceptance approach (Muhammad Jamil and Nathan Müller, n.d.); Standard metrics: mean absolute error, RMS error, Bland-Altman analysis for biofluid devices
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