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References in this Supplementary Information use the numbering of the main article. Equations, tables, and figures prefixed with S are supplementary items.
[bookmark: scope-and-reading-guide]Scope and reading guide
This Supplementary Information documents the complete assumption ledger, phase sequence, equations, uncertainty implementation, external rotor-power benchmarks, numerical verification, and evidence boundary used in the accompanying article. It is supplied to make the computational screen auditable without increasing the main-text display-item count. The inputs are screening assumptions unless a row explicitly identifies published measurements.
The wildfire operation is a conceptual early-intervention case study. It reduces a proposed sortie to installed mass, distance, duration, electrical load, fuel use, battery state, and a 5 kg payload-release event. It does not simulate fire spread, suppressant deposition, safe standoff, containment, extinguishment, or responder arrival. The proposed system is a pre-positioned autonomous support concept intended to slow localized early-stage fire propagation while conventional resources mobilize; it is not intended to replace firefighters, airtankers, helicopters, or incident-command operations.
The probability reported in the article is the probability of closing a declared computational mass-energy-electrical ledger under four bounded input families. It is not aircraft reliability, mission-success probability, fleet reliability, or wildfire-suppression probability. Supplementary Fig. S1 separates the quantities evaluated in that ledger from the physical and operational evidence gates that remain outside it.
[bookmark: supplementary-methods]Supplementary Methods
[bookmark: Xb58f3141e86c5cce118738c6ea3c27e7ec1dddc]S1. Design representation and mission boundary
One representative vehicle and one outbound-service-return sortie were evaluated. Mobile stations are assumed to have been positioned before an alert. The calculation begins only after verified detection, authorized dispatch, and airspace clearance. It ends after return landing. Station-location optimization, dispatch latency, target allocation, multi-vehicle coordination, communications, fire behavior, suppression effect, and conventional-resource arrival are not state variables.
The common energy-architecture vector is

Here,  is rated installed generator output,  is nominal initial fuel mass,  is complete installed battery-pack mass, and  is the hybrid dispatch policy. A candidate with  and  is series hybrid-electric. The pure-electric boundary is , for which  is inactive. Battery mass and specific energy refer to a complete usable installed pack, including enclosure, interconnects, battery-management and protective hardware, and wiring. Generator mass likewise denotes the intended complete installation rather than an engine-only mass. No commercial component is claimed to meet these assumed values.
The internal wet-mass limit of 25 kg is an engineering requirement used consistently in every architecture. It is not asserted to establish a regulatory category or authorization. The nominal payload is 5 kg. Treating 5 L as 5 kg is a sizing convention only; suppressant formulation and density are not selected.
[bookmark: X4a6b1119139793cd78048ade763ccb807953d9c]S2. Installed-mass and phase-state ledger
For one realization, wet take-off mass is

where tildes denote realized installed hardware-group masses,  kg, and  and  are fuel- and solution-fill multipliers. The reference non-energy-system modes sum to 11.85 kg. The central installed generator map is 3.10 kg at 3.0 kW, 3.35 kg at 3.5 kW, and 3.70 kg at 4.0 kW; the pure-electric boundary has . Fuel and solution fill tolerances are independent triangular distributions with supports  and , respectively.
Physical mass changes phase by phase according to

Fuel burn is always removed from the physical ledger. The complete payload is removed only at the end of the application/observation phase. The primary aerodynamic sizing convention is conservative:  before payload release and  afterward. A paired diagnostic instead sets  to credit progressive fuel burn. That replay increased the frozen LF and ES radii by only 0.225 km (1.6%) and 0.195 km (2.3%), respectively, and was not used for selection.
Supplementary Table S2 gives every mission phase, duration, load, generator state, and mass-state change. The outbound and return cruise durations are

The factor 3.6 converts kilometres and metres per second to hours. The same sampled along-track wind component is treated as a headwind outbound and a tailwind on return. The commanded airspeed remains 12 m s⁻¹; wind alters travel time rather than the aerodynamic evaluation speed. Ground speed is limited to at least 6 m s⁻¹ within the declared scenario to prevent a singular duration. This is a steady route-energy screen, not a time-resolved wind or gust model.
[bookmark: s3.-flight-power-implementation]S3. Flight-power implementation
For  identical rotors of radius , total disk area is

At air-relative forward speed , equivalent parasite drag and required steady level-flight thrust are

The induced velocity is the positive solution of the forward-flight momentum relation and the induced shaft-power term is

With , the implementation evaluates the numerically stable rationalized root

For rotor advance ratio , the low-order profile term is

The parasite term is

The electrical flight load is

where  for positive climb rate. Factors  convert watts to kilowatts. The climb term is additive and does not solve a unified oblique-inflow problem. Negative climb power is not credited. The descent phases instead multiply induced, profile, and parasite power by , leaving the 0.12 kW auxiliary load unchanged.
The central flight inputs are  m,  m²,  kg m⁻³, , ,  m s⁻¹, , ,  m², , and  kW. Rotor radius and drag area were crossed over  m and  m² in a deterministic cellwise re-optimization. Every coefficient is an author-declared screening input; none is claimed as a MORPHFIRE calibration.
The model does not resolve blade geometry, rotor-speed limits, thrust reserve, rotor-rotor interference, wake skew, ground effect, control power, motor/ESC loss maps, or transient response. The scalar descent factor cannot locate vortex-ring, turbulent-wake, or windmill-brake regimes [38-40]. Consequently, these equations support comparative screening, not a safe climb/descent envelope or validated range.
[bookmark: s4.-external-rotor-power-benchmarks]S4. External rotor-power benchmarks
The external comparisons were performed without refitting , , or . The UIUC and NASA measured-data comparisons are deliberately described as a partial external benchmark, not validation of MORPHFIRE. The published-model comparison below is contextual only.
[bookmark: Xa182c9d371d54e138ea9130b67a1b5c5d686082]S4.1 Contextual published-model comparison
Bauersfeld and Scaramuzza [22] reported a blade-element/momentum and motor model that achieved 2.5% power root-mean-square error on their own approximately 0.752 kg quadrotor with 5.1-inch propellers and gave a normalized endurance-optimal power ratio of  across simulated designs. At matched mass, rotor count, radius, and air density, their generic momentum estimator with a figure of merit of 0.60 gives 3.503 kW mechanical hover power. The present induced-plus-profile expression gives 3.508 kW, a 0.14% cross-model difference. The present central curve reaches  at 11.24 m s⁻¹, 1.8% below the published mean and within one reported standard deviation. These comparisons provide trend context only: the 2.5% result validates their aircraft-specific model, not the MORPHFIRE equations or a 23.5 kg vehicle.
[bookmark: Xd8ecfe710e845e4c10af553a2321c388a6d3aef]S4.2 UIUC isolated-propeller static benchmark
Measured static data were taken from the UIUC Volume 4 propeller database for APC Electric 18x8, 20x10, and 21x13 propellers [53]. The database defines

where  is revolutions per second and  is propeller diameter. The hover specialization of Supplementary Equations S6 and S8 reduces, in the UIUC convention, to

Using the manuscript values , , and  without refitting, 26 measurements gave a combined mean absolute percentage error (MAPE) of 5.41%, normalized root-mean-square error of 6.27%, signed mean percentage bias of +2.17%, and maximum absolute percentage error of 16.54% (Supplementary Table S6). Positive bias denotes model overprediction. This comparison validates only the shaft-power coefficient conditional on measured thrust for isolated propellers in static conditions. The calculation does not predict thrust from blade geometry, and propeller solidity was not supplied by the source; the manuscript’s assumed solidity was therefore retained rather than fitted.
[bookmark: Xba3c72fa80afbe80b7c9a57fa80b1137cc6f5ee]S4.3 NASA installed-quadrotor hover benchmark
NASA’s second Multirotor Test Bed (MTB2) provides a useful installed-system stress case because it uses four 24.5-inch rotors, close to the assumed 0.60 m MORPHFIRE diameter [54,55]. For the NASA rotor,  m and reported solidity is . In the total-disk-area convention,

with a torque-derived rotor-system mechanical-power proxy

Two equal-height, four-rotor nominal-hover points at 3000 rpm were extracted from NASA run 136. At  with 0-degree phase arrangement, the torque-derived proxy was 801.1 W and the unretuned model predicted 633.0 W, an error of -21.0%. At  with the 0/-90-degree phase arrangement, the proxy was 789.4 W and the prediction was 619.7 W, an error of -21.5%. The model’s 25 kg design-limit hover loading corresponds to ; the two NASA coefficients are 1.5-3.4% higher and therefore closely load-matched, but they do not bracket that value. The measured-to-predicted multiplier is 1.266-1.274.
The NASA comparison is a torque-derived rotor-system mechanical-power-proxy benchmark, not an electrical-power validation. The discrepancy may combine rotor-airfoil and Reynolds-number effects, rotor interaction, hubs and drivetrain mechanical loss represented in the torque data, and wind-tunnel installation effects. It must not be transferred as a universal calibration. The current upper residual power factor  does not span the approximately 1.27 NASA discrepancy; therefore, existing architecture radii are not relabeled as physically validated. A future registered sensitivity should rerun the complete allocation and holdout process with  only as an explicit model-form stress case.
[bookmark: X5a5965a4f762d726bbafb7841efe8d2d7063f03]S5. Generator, fuel, and dispatch implementation
Available installed generator output is . For requested on-state output  and load fraction , the author-defined normalized chemical-input scenario is

All three quantities are zero when the generator is off. If remaining dispatchable fuel cannot sustain the requested point throughout phase , the generator retains that on-state point for a duty fraction

The on-state output must satisfy

and total usable fuel must satisfy

The central coefficients are , selected so that the assumed central curve reaches  at . This 21% peak is a favorable author technology target rather than a measured or typical value. The deterministic technology screen therefore repeats the architecture allocation at peak efficiencies of 10.5%, 15.75%, and 21%, crossed with pack specific energies of 0.25, 0.35, and 0.45 kWh kg⁻¹.
Under load-following dispatch,

Under efficiency-seeking dispatch,

The ES policy requests 80% on-state output in generator-enabled fixed-duration phases, subject to available output, remaining fuel, instantaneous load, charge-power limit, charge efficiency, and energy headroom. The battery supplies any deficit and absorbs admissible surplus. During distance-varying cruise, requested output is curtailed to the instantaneous load so that increasing distance cannot create an artificial recharge benefit. The generator is disabled during preflight, both transformations, both ground legs, and application/observation.
Start-up fuel, start/stop limits, ramp rate, exhaust, vibration, cooling parasitics, heat soak, and temperature-dependent derating are not modeled. A future lumped generator thermal state could be written as

but the required heat capacity, installed heat-rejection conductance, imposed heat flux, allowable temperature, and cooling load have not been measured. Supplementary Equation S17 is therefore not activated in the closure indicator.
[bookmark: X143b88af8cd93a1eb0dd276755ce6b1a0d1efe7]S6. Battery-energy and static electrical implementation
With discharge-positive convention, generator duty cycling keeps discharge and charge separate:

Thus . Battery usable-energy state evolves as

The activated ledger uses usable DC-bus energy with  and applies  only to stored charge. Realized usable capacity is , the initial state is , and . Minimum and final SOC must remain at or above 0.20.
For every discharge phase, the static Thevenin screen uses the lower of phase-start and phase-end states,

The maximum discharge represented inside the phase/duty-cycle abstraction is

For , terminal voltage and current satisfy

where power is in kilowatts and the factor 1000 converts it to watts. The physically relevant lower-current discharge root is

Feasibility requires a nonnegative discriminant, , , and . The screen uses  V,  V,  V,  ohm when  is in kWh,  Ah, and  with  h⁻¹ across the bounded input screen. Charging under ES is limited to  h⁻¹, , and energy headroom.
The superscript “pk” does not denote a measured millisecond- or second-scale peak. The implementation omits polarization branches, relaxation, temperature, aging, cell imbalance, pack topology, charge-side voltage/current constraints, BMS/protection behavior, wiring loss, motor/ESC transients, and thermal accumulation [43-46]. The former power-to-energy condition is retained only as a diagnostic; it is not part of the activated closure event.
[bookmark: X26fd21d99126292da6d96c3b8f2c96f84eb5ef0]S7. Joint closure and the excluded physical mission event
For one realization, the mass indicator is

The battery energy and SOC indicator is

The activated static voltage/current indicator is

Fuel and generator-output indicators are

The reported joint computational event is

All indicators are evaluated on the same mass, fuel, generator, and battery trajectory. Marginal probabilities are not multiplied. Fuel and generator limits are enforced inside dispatch, so Equations S27 also provide explicit ledger invariants.
A physically admissible mission would require a substantially larger event,

where the additional terms represent aircraft-specific thrust and rotor-speed margin; component-resolved bus, motor, ESC, protection, and transient limits; temperatures; center of gravity; structural loads; control authority; morphing and ground-mode success; and operational completion. None of these additional indicators is evaluated. In particular,  would have to include authorization, navigation, landing-site suitability, communications, safe standoff, suppressant deposition, handover, and professional response. A sample with  is therefore “model closed,” not flight capable, mission successful, or suppression effective.
[bookmark: s8.-bounded-uncertainty-families]S8. Bounded uncertainty families
Inputs without empirical distributions were represented by bounded screening distributions rather than claimed fleet-frequency laws. Let a bounded quantity have minimum , mode , and maximum . The triangular family uses the standard triangular inverse CDF. The beta-PERT family uses  with  and shape parameter ,

Each bounded marginal is combined with either independent installed hardware-group masses or an equicorrelated Gaussian copula with  for those mass groups. For the correlated alternative, a multivariate standard-normal vector  with off-diagonal correlation 0.30 is transformed to uniforms  and then through the selected marginal inverse CDF. The value 0.30 is an illustrative common-cause integration-growth case, not an estimate from a prototype population. Fuel and solution fills remain independent triangular process-tolerance models in all four families. Unless otherwise stated, nonmass factors are sampled independently within their declared marginals.



The declared family set is

	Family
	Marginal distribution
	Hardware-mass dependence

	Tri–Ind
	Triangular
	Independent

	PERT–Ind
	Beta-PERT
	Independent

	
	Triangular
	Positively correlated

	
	Beta-PERT
	Positively correlated



At distance , option , and family , the empirical closure fraction is

The assumption-bounded point estimate is the minimum across the four declared families,

For  successes in  realizations, the exact one-sided Clopper-Pearson lower limit is

where  is the beta-distribution quantile. Three frozen options under four input families give  predeclared holdout curves. A Bonferroni allocation sets . The confidence-qualified station screening radius is

The confidence procedure controls Monte Carlo sampling error within the 12 declared option-family holdout curves. It does not validate the assumed marginal families, the copula, the choice of , or any physical submodel. Aerodynamic, technology, dispatch, fuel-credit, external-benchmark, and break-even calculations are deterministic or diagnostic sensitivities and carry no probability interpretation.
[bookmark: Xa957ec78424a5457bffefd47480d3c1c9f0c266]S9. Discovery, freezing, holdout, and selection
The central hybrid design grid used generator ratings 3.0, 3.5, and 4.0 kW; fuel 0.50-2.00 kg in 0.25 kg increments; installed pack mass 1.20-3.20 kg in 0.20 kg increments; and LF or ES dispatch. Pure-electric candidates used installed pack masses of 3.00-7.00 kg in 0.25 kg increments. The central usable installed-pack specific energy was 0.35 kWh kg⁻¹. Candidate mass qualification required nominal mass below 25 kg and a multiplicity-adjusted exact 95% lower mass-compliance bound of at least 0.90.
Every mass-qualified point entered stochastic discovery. Discovery used 10,000 realizations per family, seed 20270815, common random numbers for option comparisons, a 40 km bracket, and ten bisections (0.0391 km resolution). It evaluated 123 LF hybrids, 123 ES hybrids, and 16 pure-electric candidates. Within each option, candidates were ranked by confidence-qualified radius, exact lower closure bound at 3.5 km, point-estimate radius, lower nominal wet mass, lower generator rating, lower fuel mass, lower pack mass, and finally lexical option label. The better hybrid policy was chosen from discovery only.
One LF design, one ES design, and one pure-electric design were frozen before holdout. Holdout used an independent 30,000-realization bank per family, seed 20270816, 12 bisections (0.00977 km resolution), and no reselection. At least 27,137 of 30,000 realizations had to close in every reported family for the adjusted exact lower bound to reach 0.90. The limiting holdout family was triangular with hardware-mass  for all three options.
Increasing distance only increases cruise duration and source demand; it does not repair mass or electrical feasibility. The implementation verified that pass sets were nested in distance. Equation S34 is therefore an order-statistic inversion of one exact binomial acceptance rule rather than a collection of independent tests at each bisection point.
The frozen allocations were: LF hybrid, 4.0 kW generator, 1.75 kg fuel, and 1.20 kg/0.42 kWh pack at 23.50 kg nominal mass; ES hybrid, 4.0 kW, 1.00 kg fuel, and 2.00 kg/0.70 kWh pack at 23.55 kg; and pure electric, 6.75 kg/2.3625 kWh pack at 23.60 kg. Their holdout screening radii were 14.072, 8.467, and 7.207 km, respectively. These values are conditional screening boundaries and not validated range.
[bookmark: X962fbc3b46e7493c8f30e91cbe9f340dc5c0cc7]S10. Restricted aerial-terrestrial break-even calculation
The comparator asks only whether replacing target-adjacent hover with a 200 m ground approach, 5 min application/observation interval, and 200 m withdrawal saves modeled energy after accounting for the morphing system. It does not compare operational risk or suppression effectiveness.
One 200 m ground leg at  m s⁻¹ lasts

The complete target interval is  h. Because the payload is released at the end of service, avoided hover energy respects the mass-state change:

Ground traction is . At the central  kW, traction requires 0.0259 kWh. Two 0.75 min transitions at 0.25 kW require 0.00625 kWh. The 0.35 kW application/observation debit is common to the two alternatives and cancels. Terrestrial service is energetically favorable only when

Roots were solved over station distance from 0 to 40 km, morphing-mass penalty, drag-area increment 0/0.05/0.10 m², and ground power 0.35/0.75/1.00/1.50 kW. The energetic root was calculated independently of the separate mass-admissible ceiling. Relative to a 22.50 kg aerial-only comparator, the 25 kg engineering requirement permits at most a 2.50 kg morphing penalty. The 0.70-1.40 kg band shown in Supplementary Fig. S2 is an illustrative 20-40% share of the combined frame/morphing/wheel/lock group, not a measured mechanism mass.
At  m² and 0.35 kW ground power, the unconstrained energetic mass roots are 9.73, 5.64, 3.89, and 1.87 kg at 5, 10, 15, and 30 km. Roots exceeding 2.50 kg are not mass admissible. The continuous zero-margin station-distance boundary at the 2.50 kg ceiling is 23.149 km. Increasing ground power to 1.50 kW reduces this boundary to 19.104 km and reduces the 30 km energetic root from 1.865 to 1.484 kg.
This sensitivity is not a terrain-capability model. Soil, ash, debris, slope, slip, turning, obstacles, route availability, clearance, tip-over stability, tire-soil interaction, landing, relaunch, transition success, heat, and smoke remain unmodeled [36,37]. Representative ground and transition trials are required before any operational benefit is claimed.
[bookmark: supplementary-results-and-verification]Supplementary Results and Verification
[bookmark: s11.-detailed-holdout-diagnostics]S11. Detailed holdout diagnostics
At the reported screening radii, the limiting triangular,  family produced 27,159 closed realizations for LF, 27,151 for ES, and 27,137 for pure electric, each from 30,000 independent holdout realizations. The corresponding empirical fractions were 0.9053, 0.9050, and 0.9046, and the adjusted exact one-sided lower bounds were 0.900756, 0.900484, and 0.900007. The worst mass-compliance point estimates/exact lower bounds for the same frozen designs were 0.9634/0.9604, 0.9488/0.9454, and 0.9366/0.9328, respectively.
The battery-condition diagnostics were evaluated at each option’s common robust radius in the limiting family. LF showed marginal failure probabilities of 0.04047 for energy/SOC, 0.00220 for a negative current-solution discriminant, 0.02310 for terminal voltage, and 0.03553 for current. ES showed 0.05090, 0, 0.00027, and 0.00287. Pure electric showed 0.04010 energy/SOC failure and zero modeled discriminant, voltage, or current failures. The legacy  condition produced only 0.00087 failure for LF and zero for ES and pure electric. These marginal events overlap and must not be added. The joint counts above, not any one marginal constraint, determine qualification.
At a common 3.5 km central mission, the separately sized LF hardware used 4.029 kWh chemical fuel input and 0.077 kWh battery-bus discharge, with no charge. The separately sized ES hardware used 3.608 kWh fuel input, 0.175 kWh discharge, and 0.008 kWh charge. On the same frozen LF hardware, ES used 3.597 kWh fuel input, 0.173 kWh discharge, and 0.006 kWh charge, compared with LF’s 4.029 and 0.077 kWh. Modeled mission-average generator efficiency was 0.20999 for ES and 0.20978 for LF. This replay indicates a fuel-battery substitution within the assumed map, not an independently demonstrated efficiency gain.
[bookmark: X4769cc4f71bf0dd68f791386886b3933c007671]S12. Deterministic architecture-stability diagnostics
The aerodynamic map re-optimized LF, ES, and pure electric at each combination of  m and  m². LF hybrid had the larger deterministic station radius in all nine cells, with hybrid-minus-pure-electric differences from 10.112 to 11.885 km. In the central 0.30 m/0.35 m² cell, re-optimized deterministic radii were 20.649 km for hybrid and 8.970 km for pure electric. These values exceed the confidence-qualified holdout radii because they use central inputs and have no probability or confidence meaning.
The technology map re-optimized every architecture at installed usable-pack specific energies of 0.25/0.35/0.45 kWh kg⁻¹ and assumed generator peak efficiencies of 10.5/15.75/21%. Hybrid led in eight of nine cells. Pure electric led only at 0.45 kWh kg⁻¹ and 10.5% generator efficiency, by 0.645 km (12.036 versus 11.392 km). At 0.35 kWh kg⁻¹ and 10.5%, hybrid still led (11.128 versus 8.970 km). The cellwise reversal is an assumption boundary; the nine cells are not samples from a forecast technology distribution.
All 18 deterministic hybrid winners across the two maps used the 2.00 kg maximum tested fuel allocation. Only one winner in each map used the 4.0 kW maximum generator rating, while three technology-map winners used the 3.0 kW minimum tested rating. Six aerodynamic-map and five technology-map winners used the 1.20 kg minimum hybrid pack. The results therefore contain allocation-domain censoring and cannot be presented as continuous or global optima.
[bookmark: s13.-numerical-verification-procedure]S13. Numerical verification procedure
Verification tested whether the implementation followed the declared equations and bookkeeping. It did not test whether a physical vehicle follows those equations. The reference implementation read versioned inputs and exported candidate inventories, mass qualification, discovery and holdout outputs, constraint partitions, phase ledgers, power components, dispatch traces, deterministic sensitivity maps, break-even roots, an equation-code crosswalk, and a machine-readable run manifest.
Scalar and vector evaluations were compared for the aerodynamic model. The induced-velocity root was substituted back into Supplementary Equation S6 over masses of 18.5-25 kg and airspeeds of 0-16 m s⁻¹. Hover parasite power and power-component summation were checked as exact limiting identities. Generator tests reproduced the specified peak location, on-state and phase-average identities, available-output limits, and fuel budget. Battery tests substituted Equation S23 into Equation S22 and independently recomputed each phase energy state. Phase-by-phase mass, payload, fuel, source split, and final reserve were reconciled. Realization pass/fail status was checked for nesting across 81 distances on all 12 option-family holdout curves.
The exact-binomial implementation was tested at the threshold: 27,137/30,000 successes produced the adjusted lower bound 0.900007, while 27,136 produced 0.899973. Search coverage confirmed 123 LF, 123 ES, and 16 pure-electric mass-qualified candidates; each deterministic  map contained all nine cells. Every reported break-even root was substituted into the energy margin, and monotonicity was verified.
Maximum reported residuals were  m s⁻¹ for the induced relation,  kWh for generator energy bookkeeping,  W for the static battery circuit,  kWh for battery-state propagation,  kg for mass conservation, and  kWh for aerial-terrestrial roots. No distance-nesting or root-monotonicity violation was found. Supplementary Table S7 records the acceptance conditions and results.
[bookmark: s14.-reproducibility-status]S14. Reproducibility status
This supplementary provides everything to replicate the study.
[bookmark: X61e30ed4a25425ef2f6303a71d18f5603a0175a]S15. Interpretation of the external benchmarks
The three comparisons answer different questions. The Bauersfeld calculation supplies published-model context only; its measured-data error belongs to its own small quadrotor and cannot be inherited by MORPHFIRE. The UIUC comparison shows that the unretuned hover specialization reproduces independent isolated-propeller static power coefficients with 5.4% MAPE across 26 points. The NASA comparison shows that the same low-order expression underpredicts an installed four-rotor torque-derived rotor-system mechanical-power proxy by about 21% at a closely matched nondimensional loading. Taken together, the two measured-data benchmarks support using the equation structure as a screening decomposition while exposing substantial installation/model-form discrepancy.
The NASA factor is neither a correction to MORPHFIRE nor evidence that 1.27 is conservative for all conditions. Applying it after selection would be statistically and physically inconsistent. A future analysis should predeclare any discrepancy family, rerun mass/source allocation, and repeat independent holdout evaluation. Aircraft-specific validation still requires measured thrust-power-airspeed maps, motor/ESC electrical input, rotor interaction, configuration effects, climb and descent envelopes, and temperature.
[bookmark: supplementary-tables]Supplementary Tables
Supplementary Table S1. Symbols, definitions, and units. Grouped entries retain the notation needed to reproduce Equations S1-S37.
	Symbol
	Definition
	Unit

	, 
	Total rotor-disk area; vehicle reference area
	m²

	
	Equivalent vehicle drag area
	m²

	, 
	Legacy power-to-energy ratio; current-rate screen
	h⁻¹

	, , 
	Mean blade-section profile-drag coefficient; profile advance-ratio multiplier; descent power factor
	-

	; 
	Generator heat capacity; generator, ambient, and allowable temperatures
	kJ K⁻¹; °C

	, 
	Generator loss power; effective heat-rejection conductance
	kW; kW K⁻¹

	, 
	Momentum-relation auxiliary quantity; gravitational acceleration
	m² s⁻²; m s⁻²

	
	One-way station distance
	km

	, 
	One-way ground distance; generator on-time duty fraction
	km; -

	
	Exact-binomial confidence-qualified screening radius
	km

	, 
	Parasite drag; steady flight thrust in phase 
	N

	, 
	Nominal and realized installed usable battery energy
	kWh

	
	Battery usable-energy state in phase 
	kWh

	, , , 
	Transformation, ground-traction, target landing/relaunch, and avoided-hover energy
	kWh

	
	Usable installed-pack specific energy
	kWh kg⁻¹

	, , , , , 
	Joint computational closure and its activated indicators
	-

	
	Expanded physical/operational mission indicator, not evaluated
	-

	, , , , 
	Claim count, sample size, successes, allocated tail probability, exact lower limit
	-

	, 
	Phase and application/observation durations
	h

	
	Fuel lower heating value
	kWh kg⁻¹

	, , 
	Nominal battery, initial-fuel, and solution allocations
	kg

	
	Fuel remaining before phase 
	kg

	, 
	Fuel burned and solution released in phase 
	kg

	, , 
	Generator-system mass; realized and reference non-energy-system mass
	kg

	
	Morphing-system mass penalty relative to aerial-only comparator
	kg

	, 
	Morphing drag-area increment; common-flight energy penalty
	m²; kWh

	
	Realized hardware-group mass
	kg

	, 
	Loaded and post-release comparator masses
	kg

	, 
	Physical and conservative power-sizing mass in phase 
	kg

	, 
	Wet take-off mass; internal engineering mass limit
	kg

	, 
	Legacy reference power and mass used only as a cross-check
	kW; kg

	, , , 
	Hover, cruise, climb, and descent phase-load functions
	kW

	
	Modeled electrical flight power in phase 
	kW

	, , 
	Additive climb, auxiliary, and ground-traction power
	kW

	, , 
	Induced, profile, and parasite mechanical power
	kW

	
	Sampled available generator output, 
	kW

	, , 
	Rated, requested on-state, and phase-average generator power
	kW

	, , 
	Chemical-input power, on-state fuel rate, and phase-average fuel rate
	kW; kg h⁻¹

	, , 
	Average discharge, average charge, and screened maximum discharge
	kW

	, 
	Electrical load; pack charge-power limit
	kW

	, , , 
	Pack capacity, screening resistance, future polarization resistance/capacitance
	Ah; ohm; ohm; F

	, 
	Fuel reserve fraction; minimum final battery SOC
	-

	, , 
	Outbound/return cruise and one-way ground-travel time
	h

	, , , , , 
	Phase airspeed, cruise/ground speed, induced/vertical speed, along-track wind
	m s⁻¹

	, , , 
	Nominal, open-circuit, terminal, and minimum pack voltage
	V

	
	Energy-allocation design vector
	-

	, 
	Empirical closure fraction; beta-distribution quantile
	-

	, 
	Battery state of charge; pack current
	-; A

	, , , 
	Screened SOC, SOC bounds, and maximum discharge current
	-; A

	
	Normalized generator chemical-input coefficients
	-

	, , 
	Propulsion-chain, charge, and discharge efficiency
	-

	, , 
	Generator efficiency, on-state load fraction, preferred fraction
	-

	
	Route-efficiency factor
	-

	
	Usable-fuel fraction
	-

	
	LF or ES generator-dispatch policy
	-

	, 
	Fuel- and solution-fill multipliers
	-

	, , , 
	Battery energy, generator output, generator map, and flight-power factors
	-

	, , 
	Induced-power factor, rotor advance ratio, rotor solidity
	-

	, , 
	Rotor angular speed, radius, and rotor count
	rad s⁻¹; m; -

	
	Hardware-mass equicorrelation in dependence case
	-

	
	Air density
	kg m⁻³

	
	Declared set of four screening families
	-

	, , , 
	Excluded flight, expanded-electrical, thermal, and centre-of-gravity indicators
	-

	, , , 
	Excluded structural, control, transition, and operational indicators
	-


Supplementary Table S2. Phase-resolved reference mission. The generator is enabled only for hybrid candidates in the marked phases. Payload release occurs at the end of application/observation.
	Phase
	Reference duration or distance
	Electrical-load model
	Generator
	State change

	Post-authorization preflight checks
	2.0 min
	0.12 kW auxiliary
	Off
	Computed sortie begins after authorization

	Outbound climb
	1.0 min
	
	On
	Fuel burn if dispatched

	Outbound cruise
	
	 at 12 m s⁻¹
	On
	Fuel burn if dispatched

	Descent and landing
	0.5 min
	
	On
	Fuel burn if dispatched

	Flight-to-ground transition
	0.75 min
	0.25 kW
	Off
	No mass change

	Ground approach
	0.2 km at 1.5 m s⁻¹
	0.35 kW central
	Off
	No mass change

	Application and observation
	5.0 min
	0.35 kW
	Off
	5 kg nominal solution released at phase end

	Ground withdrawal
	0.2 km at 1.5 m s⁻¹
	0.35 kW central
	Off
	Post-release mass

	Ground-to-flight transition
	0.75 min
	0.25 kW
	Off
	No mass change

	Return climb
	1.0 min
	
	On
	Fuel burn if dispatched

	Return cruise
	
	 at 12 m s⁻¹
	On
	Fuel burn if dispatched

	Positioning contingency
	1.0 min
	
	On
	Fuel burn if dispatched

	Return descent and landing
	0.5 min
	
	On
	Fuel burn if dispatched


Supplementary Table S3a. Principal system, mission, and design-space inputs. All values are analytical assumptions unless the evidence-status column states otherwise.
	Category
	Parameter
	Value used
	Evidence status

	Scope
	Operational role
	Authorized, pre-positioned conceptual early-intervention support; one vehicle/one sortie
	No suppression, fleet, or readiness claim

	Architecture
	Mobility modes
	Quadrotor flight and wheeled ground travel
	Mechanism concept in [16]; no integrated prototype used here

	Architecture
	Rotor count, 
	4
	Concept fixed; hardware not selected

	Mass
	Internal wet-mass limit, 
	25 kg
	Engineering requirement, not regulatory classification

	Mass
	Reference non-energy-system mode, 
	11.85 kg
	Sum of screening modes, not weighed BOM

	Payload
	Premixed solution, 
	5.00 kg
	5 L represented as 5 kg; formulation/density unselected

	Flight
	Cruise airspeed, 
	12 m s⁻¹
	Mission assumption

	Flight
	Climb translation/vertical speed
	6/2 m s⁻¹
	Mission assumption; trajectory not optimized

	Flight
	Descent power factor, 
	0.65
	Unvalidated scalar assumption

	Flight
	Rotor radius, 
	0.30 m central; 0.28/0.30/0.32 m map
	Parametric geometry

	Flight
	Total disk area, 
	1.131 m² at  m
	Calculated

	Flight
	Air density, 
	1.225 kg m⁻³
	Fixed reference value

	Flight
	Solidity, 
	0.09
	Author screening input

	Flight
	Section profile-drag coefficient, 
	0.012
	Author screening input

	Flight
	Rotor tip speed, 
	180 m s⁻¹
	Author screening input

	Flight
	Profile advance-ratio coefficient, 
	4.65
	Author screening input

	Flight
	Induced-loss factor, 
	1.15
	Author screening input

	Flight
	Equivalent drag area, 
	0.35 m² central; 0.25/0.35/0.45 m² map
	Parametric, not measured

	Flight
	Drivetrain efficiency, 
	0.82
	Author screening input

	Flight
	Auxiliary power, 
	0.12 kW
	Author screening input

	Flight
	Legacy cross-check anchor 
	(6.0 kW, 24.8 kg)
	Not used in present flight-power law

	Route
	Route-efficiency factor, 
	0.90/0.95/1.00
	Bounded scenario, no route dataset

	Route
	Along-track wind, 
	-4/0/+4 m s⁻¹
	Bounded steady scenario, not site climatology

	Ground
	One-way distance, 
	0.2 km
	Mission assumption

	Ground
	Speed, 
	1.5 m s⁻¹
	Mission assumption

	Ground
	Traction power, 
	0.35 kW central; 0.35/0.75/1.00/1.50 kW sensitivity
	No terrain calibration

	Ground
	Transition demand
	0.25 kW for 0.75 min each direction
	No actuator/lock test

	Service
	Application/observation
	5 min at 0.35 kW
	Duration/load assumption; effect unmodeled

	Service
	Suppression standoff
	Operational parameter not resolved
	No trajectory, deposition, or safe-distance inference

	Reserve
	Battery/fuel reserve
	20%/10%
	Design assumptions

	Hybrid grid
	Generator rating
	3.0/3.5/4.0 kW
	Discrete installed-output assumptions

	Hybrid grid
	Fuel allocation
	0.50-2.00 kg in 0.25 kg increments
	Bounds of search, not tank certification

	Hybrid grid
	Installed pack mass
	1.20-3.20 kg in 0.20 kg increments
	Complete pack assumption

	Pure-electric grid
	Installed pack mass
	3.00-7.00 kg in 0.25 kg increments
	Complete pack assumption

	Technology
	Usable installed-pack specific energy, 
	0.35 kWh kg⁻¹ central; 0.25/0.35/0.45 map
	Technology scenarios, not selected pack

	Technology
	Generator peak efficiency
	21% central; 10.5/15.75/21% map
	Author-defined scenarios, not measured map


Supplementary Table S3b. Reference installed subsystem-mass basis. Lower and upper fractions define bounded marginal support about each listed mode; they are not confidence intervals. Generator, fuel, battery, and payload entries are replaced by architecture variables and fill models in Equation S2.
	Installed subsystem group
	Mode (kg)
	Lower fraction
	Upper fraction
	Treatment

	Frame, arms, landing load path, morphing mechanism, wheels, and locks
	3.50
	0.10
	0.20
	Non-energy basis; combined group only

	Motors, propellers, and electronic speed controllers
	4.25
	0.05
	0.10
	Non-energy basis

	Generator module at 3.0 kW reference
	3.10
	0.08
	0.15
	Replaced by rating-to-mass map

	Fuel reference allocation
	2.00
	0.05
	0.05
	Replaced by 

	Buffer battery reference
	1.55
	0.08
	0.12
	Replaced by realized 

	Premixed solution
	5.00
	0.02
	0.02
	Fixed nominal payload and fill tolerance

	Tank, pump, nozzle, and plumbing
	1.60
	0.10
	0.20
	Non-energy basis

	Avionics, sensors, and communications
	0.90
	0.10
	0.15
	Non-energy basis

	Integration and contingency
	1.60
	0.15
	0.30
	Screening basis combining hardware allowance and margin


The combined frame/morphing/wheel/lock group is 29.5% of the non-energy-system mode and 14.0% of the 25 kg limit. The available evidence does not identify a mechanism-only mass. The 0.70-1.40 kg visualization band is therefore illustrative; it must not be cited as a measured morphing allocation. A future BOM should separate frame, landing path, links, joints, actuators, wheel hubs, locks, fasteners, and design contingency.
Supplementary Table S4. Generator, fuel, battery, and electrical-screen inputs. Values are activated unless marked “future” or “diagnostic.”
	Subsystem
	Parameter
	Value or model
	Status/interpretation

	Generator
	Installed rating-to-mass map
	3.0 kW/3.10 kg; 3.5 kW/3.35 kg; 4.0 kW/3.70 kg
	Screening map; no installed system weighed

	Generator
	Available output
	
	Activated

	Generator
	Output factor, 
	0.90/1.00/1.05
	Bounded epistemic screen

	Generator
	Chemical-input coefficients
	, , 
	Assumed normalized scenario

	Generator
	Map scale, 
	0.90/1.00/1.10
	Bounded epistemic screen

	Generator
	Preferred load fraction, 
	0.80
	Mathematical optimum of assumed map

	Generator
	Peak efficiency
	0.21 central
	Favorable unvalidated target

	Generator
	Dispatch
	LF and ES
	Both evaluated and separately sized

	Generator
	Charge-eligible phases
	Climb, descent/landing, positioning
	Cruise surplus curtailed; nonflight phases disabled

	Generator
	Thermal state
	Equation S17
	Future; excluded from 

	Fuel
	Lower heating value, 
	11.94 kWh kg⁻¹
	43 MJ kg⁻¹ screening input; grade unselected

	Fuel
	Usable fraction, 
	0.75/0.80/0.85
	Bounded screen

	Fuel
	Fill multiplier, 
	Triangular 0.95/1.00/1.05
	Independent process tolerance

	Fuel
	Reserve, 
	0.10
	Activated

	Battery
	Central installed usable specific energy, 
	0.35 kWh kg⁻¹
	Technology target; includes complete pack

	Battery
	Energy factor, 
	0.90/1.00/1.10
	Bounded epistemic screen

	Battery
	Initial usable energy
	
	Activated

	Battery
	Discharge efficiency, 
	1.00 at usable DC-bus boundary
	Activated definition

	Battery
	Charge efficiency, 
	0.92
	Activated

	Battery
	Final/minimum SOC reserve
	0.20
	Activated

	Battery
	Nominal voltage, 
	96 V
	Static screen

	Battery
	Open-circuit voltage
	 V
	Static screen

	Battery
	Minimum terminal voltage, 
	76.8 V
	

	Battery
	Resistance
	 ohm
	Central screen; capacity in kWh

	Battery
	Resistance factor
	0.80/1.00/1.30
	Bounded epistemic screen

	Battery
	Capacity conversion
	 Ah
	Activated

	Battery
	Current-rate factor, 
	4/5/6 h⁻¹
	Bounded epistemic screen

	Battery
	Maximum discharge current
	
	Activated

	Battery
	Maximum charge power
	 h⁻¹
	Activated for ES surplus

	Battery
	Legacy power ratio, 
	8/12/20 h⁻¹
	Diagnostic only; not closure criterion

	Battery
	Polarization/thermal model
	, temperature, aging, imbalance
	Future; excluded from 

	Payload
	Fill multiplier, 
	Triangular 0.98/1.00/1.02
	Independent process tolerance


Supplementary Table S5. Uncertainty and deterministic-sensitivity ledger. Probabilistic labels describe sampling inside the computational model, not empirical fleet frequencies.
	Quantity
	Values or implementation
	Classification
	Data status

	Hardware-group mass
	Table S3b supports; triangular or beta-PERT marginals
	Epistemic screening distribution
	BOM not frozen or weighed

	Hardware-mass dependence
	Independent or Gaussian copula with 
	Epistemic dependence alternative
	Illustrative; not estimated

	Rotor radius
	0.28/0.30/0.32 m
	Deterministic model-form/geometry cells
	Hardware not frozen

	Equivalent drag area
	0.25/0.35/0.45 m²
	Deterministic model-form cells
	Not measured

	Residual flight-power factor, 
	0.92/1.00/1.15
	Epistemic/model-discrepancy screen
	Vehicle map absent; does not cover NASA 1.27 case

	Generator-output factor, 
	0.90/1.00/1.05
	Epistemic screen
	Installed bench map absent

	Generator map factor, 
	0.90/1.00/1.10
	Epistemic screen
	Generic map not calibrated

	Generator dispatch
	LF or ES
	Policy alternative
	No controller test

	Battery-energy factor, 
	0.90/1.00/1.10
	Epistemic screen
	Pack test absent

	Battery resistance factor
	0.80/1.00/1.30
	Epistemic static-circuit screen
	Pack identification absent

	Battery current factor, 
	4/5/6 h⁻¹
	Epistemic electrical screen
	Cell/topology unselected

	Along-track wind
	-4/0/+4 m s⁻¹
	Environmental route scenario
	Site distribution not inferred

	Route efficiency, 
	0.90/0.95/1.00
	Operational route scenario
	Route dataset absent

	Usable-fuel fraction, 
	0.75/0.80/0.85
	Epistemic screen
	Fuel-system test absent

	Fuel fill
	Independent triangular ±5%
	Controlled-process tolerance model
	Metering data absent

	Solution fill
	Independent triangular ±2%
	Controlled-process tolerance model
	Metering data absent

	Technology map
	 kWh kg⁻¹; generator peak 0.105/0.1575/0.210
	Deterministic technology cells
	Author scenarios; no occurrence weights

	Ground-power map
	0.35/0.75/1.00/1.50 kW
	Deterministic terrain-demand screen
	Ground testing absent

	Morphing drag increment
	0/0.05/0.10 m²
	Deterministic break-even screen
	Configuration drag absent


Supplementary Table S6a. External rotor-power benchmark summary without coefficient refitting. MAPE is mean absolute percentage error. UIUC NRMSE is root-mean-square  error normalized by the mean measured . A positive signed bias denotes prediction above measurement.
	Evidence level/data source
	Points
	Measured or published quantity
	Present result
	Interpretation

	Published multicopter model [22]
	Contextual model ensemble/aircraft-specific flight validation
	; its own model power RMSE 2.5%
	 at 11.24 m s⁻¹
	Context only; its validation does not transfer to MORPHFIRE

	Published momentum hover estimator [22]
	Contextual matched calculation
	Figure of merit 0.60
	3.503 kW benchmark versus 3.508 kW present rotor power
	Cross-model context only; not a measurement benchmark

	UIUC APC-E 18x8 [53]
	11
	Static isolated-propeller 
	MAPE 8.01%; signed bias +4.27%
	Coefficient-domain partial validation

	UIUC APC-E 20x10 [53]
	8
	Static isolated-propeller 
	MAPE 3.89%; signed bias +2.45%
	Coefficient-domain partial validation

	UIUC APC-E 21x13 [53]
	7
	Static isolated-propeller 
	MAPE 3.04%; signed bias -1.45%
	Coefficient-domain partial validation

	UIUC combined [53]
	26
	Static isolated-propeller 
	MAPE 5.41%; signed bias +2.17%; NRMSE 6.27%; max absolute error 16.54%
	Supports isolated-rotor hover decomposition conditional on measured thrust

	NASA MTB2 run 136 [54,55]
	2
	Installed four-rotor torque-derived rotor-system mechanical-power proxy at 3000 rpm
	Prediction errors -21.0% and -21.5%
	Closely matched  exposes installed-system/model discrepancy


For the UIUC calculation,  and . Signed bias is , MAPE is , , and . Across all 26 points, .
Supplementary Table S6b. All 26 UIUC static coefficient points used in the benchmark [53]. Source files were apce_18x8_static_2184od.txt, apce_20x10_static_2210od.txt, and apce_21x13_static_2218od.txt. Dimensional power is not reconstructed because the published coefficient files do not supply a per-run air density and exact as-tested diameter.
	APC-E dataset
	Speed (rpm)
	Measured 
	Measured 
	Predicted 
	Error (%)

	18x8
	973.333
	0.075677
	0.026827
	0.02238977
	-16.5402

	18x8
	1493.333
	0.082373
	0.026029
	0.02498034
	-4.0288

	18x8
	1953.333
	0.085557
	0.025885
	0.02625017
	+1.4107

	18x8
	2446.667
	0.088769
	0.025939
	0.02755533
	+6.2313

	18x8
	2960.000
	0.088479
	0.025679
	0.02743650
	+6.8441

	18x8
	3460.000
	0.088198
	0.025643
	0.02732155
	+6.5459

	18x8
	3960.000
	0.089937
	0.025967
	0.02803586
	+7.9673

	18x8
	4446.667
	0.091241
	0.026248
	0.02857605
	+8.8694

	18x8
	4953.333
	0.092181
	0.026452
	0.02896785
	+9.5110

	18x8
	5446.667
	0.093322
	0.026812
	0.02944612
	+9.8244

	18x8
	5946.667
	0.094663
	0.027197
	0.03001198
	+10.3503

	20x10
	1060.000
	0.091802
	0.030574
	0.02880964
	-5.7708

	20x10
	1466.667
	0.094813
	0.029984
	0.03007552
	+0.3052

	20x10
	1986.667
	0.098835
	0.030593
	0.03179801
	+3.9388

	20x10
	2460.000
	0.097484
	0.030566
	0.03121543
	+2.1247

	20x10
	2946.667
	0.099369
	0.030984
	0.03202938
	+3.3739

	20x10
	3453.333
	0.100422
	0.031109
	0.03248745
	+4.4310

	20x10
	3960.000
	0.103124
	0.031918
	0.03367384
	+5.5011

	20x10
	4473.333
	0.104020
	0.032237
	0.03407072
	+5.6882

	21x13
	1053.333
	0.101138
	0.036871
	0.03280029
	-11.0404

	21x13
	1500.000
	0.105801
	0.036032
	0.03486468
	-3.2397

	21x13
	1966.667
	0.108120
	0.036218
	0.03590853
	-0.8545

	21x13
	2460.000
	0.108242
	0.036183
	0.03596376
	-0.6059

	21x13
	2960.000
	0.108776
	0.035902
	0.03620587
	+0.8464

	21x13
	3466.667
	0.110343
	0.036162
	0.03691974
	+2.0954

	21x13
	3940.000
	0.111286
	0.036397
	0.03735180
	+2.6233


Supplementary Table S6c. NASA MTB2 installed-quadrotor hover points [54,55]. Both points are equal-height, four-rotor nominal-hover measurements from run 136 at 3000 rpm. The mechanical-power proxy is derived from measured hub-frame reaction torque and angular speed; error is .
	Point
	Rotor phase arrangement
	
	Torque-derived power proxy (W)
	Predicted power (W)
	Error (%)
	Proxy/predicted

	18
	0°
	0.005647
	801.1
	633.0
	-21.0
	1.266

	47
	0/-90°
	0.005541
	789.4
	619.7
	-21.5
	1.274


Supplementary Table S7. Numerical verification matrix. “Passed” establishes agreement between code and equations, not physical validation.
	Check
	Acceptance condition
	Result

	Aerodynamic equations
	Scalar/vector agreement; induced-root substitution; zero hover parasite power; component sum
	Passed; maximum induced residual  m s⁻¹; other listed residuals zero

	Generator map/dispatch
	Reproduce ; output/fuel limits; duty-cycle energy identity
	Passed; peak error ; max energy residual  kWh

	Battery circuit/state
	Equation S22 identity and independent phase-state propagation
	Passed; maximum circuit residual  W; state residual  kWh

	Mass/source conservation
	Phase mass, fuel, load split, requested/average output
	Passed; mass residual  kg; no rating excess

	Distance nesting
	No probability increase or realization-level pass recovery as distance increases
	Passed on 12 curves over 81 distances; zero violations

	Exact-binomial threshold
	27,137/30,000 passes; one fewer success fails
	Passed; lower bounds 0.900007 and 0.899973

	Exhaustive central grid
	Every mass-qualified candidate enters discovery
	Passed; 123 LF, 123 ES, 16 pure electric

	Deterministic maps
	All  aerodynamic and technology cells searched and re-optimized
	Passed; nine cells each; no architecture search reached 40 km bracket

	Aerial-terrestrial roots
	Direct energy difference closes at each root and remains monotone
	Passed; maximum residual  kWh; zero monotonicity violations

	Frozen package
	Source/input/output hashes match manifest
	Passed; overall invariant status PASS; 34 result files listed


Supplementary Table S8. Physical-validation gates required before stronger claims. The external rotor benchmarks reduce a limited part of gate V2 model-form uncertainty but do not complete any gate.
	Gate
	Required evidence
	Present quantity replaced or added
	Claim enabled after successful validation

	V1: installed mass
	Named installed BOM; calibrated weighing of components, fluids, wiring, fasteners, enclosure, cooling, and protection
	Table S3 mass modes/bounds and generator mass map
	Component-backed mass feasibility

	V2: flight power
	Selected rotor/motor/ESC geometry; electrical and mechanical hover/cruise/oblique-climb/descent maps; interaction, VRS/turbulent-wake envelope; current/temperature
	Equations S4-S10, additive climb, scalar descent factor, and 
	Aircraft-specific power, thrust margin, and safe flight envelope within tests

	V3: battery
	Pack usable energy, , , mission pulses, charge limits, temperature, aging, enclosure/BMS mass
	Equations S18-S23, , , , reserve
	Pack-level energy, transient electrical, and thermal closure

	V4: generator
	Installed continuous/part-load output and fuel after parasitics; transients, cooling, exhaust, vibration, rectification, derating, elevated ambient/heat flux
	Equations S11-S17, installed mass map, , , LF/ES rules
	Physically comparable hybrid source and thermal-dispatch model

	V5: morphing and ground
	Mechanism mass, actuator torque/energy, lock loads, transition success, traction, slope, obstacles, representative surfaces
	Equation S37, illustrative mass band, fixed transition/ground loads
	Measured aerial-terrestrial break-even and ground/transition feasibility

	V6: integrated mission
	Synchronized mass, power, SOC, fuel, wind, temperature, configuration, and position over representative outbound-service-return trials
	Cross-domain interactions and residual discrepancy
	Validated single-vehicle performance within tested envelope

	V7: operational/fire-effect study
	Agency-approved concept of operations; detection/authorization timing; safe-site/standoff rules; deposition; controlled-burn effect; responder/airspace handover; fleet trials
	Excluded , fire effect, station/fleet model
	Only the precisely tested operational and fire-effect claim; never replacement of professional response


Supplementary Table S9. Prior-publication extension and claim boundary. The related conference paper [16] should be supplied with the submission. This table is a transparency aid and does not replace journal disclosure of related manuscripts.
	Aspect
	Prior MorphoCopter paper [16]
	Present article and supplement
	Claim boundary

	Mechanism
	Inverted slider-crank transformation geometry and conceptual operating principle
	Used as physical motivation; combined mass group and break-even penalty are parameterized
	No measured mechanism mass, strength, or transition reliability

	Mission
	Conceptual bimodal wildfire-suppression motivation
	Explicit authorized, pre-positioned early-intervention case; one phase-resolved sortie
	No demonstrated suppression, containment, or operational readiness

	Installed mass
	Conceptual vehicle description
	Joint sampled installed-mass ledger under 25 kg engineering limit
	No weighed BOM or regulatory conclusion

	Energy architecture
	Not closed
	Exhaustive series-hybrid LF/ES and pure-electric allocation screen
	Best tested discrete allocations, not global optima

	Flight power
	Conceptual performance relation
	Induced/profile/parasite decomposition, external trend and measurement benchmarks
	Partial model-form evidence only; no matched-aircraft validation

	Generator/fuel
	Not coupled to complete mission allocation
	Part-load scenario, LF/ES dispatch, fuel duty and reserve
	Author-defined map; no installed thermal/fuel bench evidence

	Battery
	Mission-energy abstraction
	Usable-energy state plus static terminal-voltage/current screen
	No dynamic/electrothermal pack validation

	Uncertainty
	Not confidence-qualified
	Four bounded families; independent holdout; adjusted exact lower bounds
	Model-conditional sampling guarantee, not fleet reliability

	Bimodal comparison
	Qualitative premise
	Mass/drag/ground-power break-even roots and mass ceiling
	Energetic screen only; no terrain or transition demonstration

	Reproducibility
	Not equivalent to present package
	Fixed seeds, hashes, verification matrix, archived-release requirement
	Repository DOI must be completed before submission
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Supplementary Figure S1. Scope-controlled computational workflow and evidence boundary. The upper lane propagates declared installed mass, mission, aerodynamic, generator, dispatch, and static battery inputs through one phase-resolved trajectory and joint closure event before multiplicity-adjusted exact one-sided distance qualification. The lower lane contains unmodeled physical and operational gates, including authorization, response-system integration, fire-spread effect, and professional-resource handover. These gates are excluded from the closure probability. A screening radius cannot establish aircraft reliability, validated range, fleet reliability, transition success, safety, propagation delay, wildfire-treatment effectiveness, or replacement of conventional response resources.
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Supplementary Figure S2. Restricted hover-versus-ground break-even boundary. Curves are unconstrained energetic roots for a 22.50 kg aerial-only comparator. The 2.50 kg horizontal line is the separate mass-admissible ceiling under the 25 kg engineering requirement. The shaded 0.70-1.40 kg band is illustrative and is not a measured mechanism allocation. Hover avoidance is evaluated at loaded mass through approach/service and at post-release mass during withdrawal. The curves are assumption-conditional energy boundaries, not measured ground performance, safety evidence, or wildfire-suppression performance.
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All citations refer to the numbered reference list in the main article. In particular, the external measurement benchmarks are Dantsker et al. and the UIUC Propeller Data Site [53], the NASA MTB2 data report and official dataset [54], and the associated installed-quadrotor experimental study [55]. 
Supplementary Software
Quantitative figures were generated under Ubuntu 24.04.3 LTS using Python 3.12.13, Matplotlib 3.10.8, NumPy 2.3.5, SciPy 1.17.0 and Pillow 12.3.0. No generative-image model or generative AI was used except for language polishing and conceptual diagram designing.
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