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Eq. (S1)  Rotor Characteristics 

The rotor operation is characterized by a low Reynolds number, under the condition that the 
free stream speed is neglected (Garofano-Soldado et al., 2022; Jaroslawski et al., 2022): 
 

 75%
75% .Re

V c



                                 (S1) 

 
air density ρ = 1.223 kg/m³, linear velocity Vω = ωR₇₅%, dynamic viscosity μ = 1.7894 × 10⁻⁵ 
kg/(m·s), and angular velocity ω = Ωπ/30 rad/s. Here, R₇₅% and c₇₅% denote the radius and chord 
length at the 75% spanwise position, respectively. 

 

Section S1  Basis for selection of rotor spacing and tilt angle 

 
Guided by prior experimental findings (Lei et al., 2018), which identified peak aerodynamic 

interference and performance degradation at a spacing of L = 1.0D, the spacing in this study was 
constrained to a range from L = 1.2D to L = 2.0D. The lower limit prevents rotor collision, while 
the upper limit avoids overly large configurations that would degrade agility. Within this defined 
range, the spacing was varied in discrete increments of 0.2D. This discretization allows the 
analysis to resolve how gradual changes in downwash overlap modulate the intensity of inter-rotor 
interference, ensuring sufficient parametric resolution to capture potential nonlinear flow effects. 

For tilt angles, an 8°incremental step (8°, 16°, ..., 40°) was chosen to precisely track 
variations in thrust and torque. This step size balances analytical rigor, preventing data gaps that 
might obscure critical aerodynamic transitions, with experimental feasibility, yielding systematic 
datasets to map the boundary between beneficial flow synergy and detrimental turbulence. The 
selection of 8° increments was guided by preliminary CFD simulations conducted prior to the 
main parameter sweep, which indicated that significant aerodynamic transitions occur at angular 
intervals of approximately 10°–15°. An 8° step size ensures at least one intermediate data point 
between these critical transition zones, thereby capturing nonlinear variations in vortex coupling 
and downwash convergence without excessive computational cost. 

Fundamentally, this represents a parameter sweep methodology based on discrete increments 
(spacing interval of 0.2D and tilt angle step of 8°), which constitutes an effective compromise 
between computational resource constraints and comprehensive exploration of the parameter 
space. The selected parameter range (i = 0.5–0.83, θ = 0°–40°) was determined based on prior 
experimental studies (Lei et al., 2018) and preliminary simulations, encompassing critical regimes 
from strong to weak aerodynamic interference and from zero to excessive tilt angles. This 
systematic approach ensures the identification of performance peaks and transitions in flow field 
mechanisms. Consequently, the configuration identified as optimal through this methodology is 
valid and representative for the specific system examined in this study. 

 

Section S2  Description of the system 

The dynamic behavior of an n-rotor system is characterized by the following matrix equation 
(Quintana et al., 2018): 
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n denotes the number of rotors; m represents the multirotor mass; 03 represents a 3×3 zero matrix; 
J is the multirotor moment of inertia; p indicates the multirotor position with respect to the inertial 
frame; ω denotes the angular velocity about roll, pitch, and yaw with respect to the body 
frame; g is the gravitational acceleration; Rr is the rotation matrix mapping from the body frame to 

the inertial frame; ẑ is defined as ẑ = [0,0,1] T; and u serves as the control input vector. 
In this study, the design of a hex-rotor (n = 6) is investigated. Matrix F serves as the 

allocation matrix for the total wrench exerted on the multirotor. Matrices F1 and F2 represent the 
force and moment matrices, respectively. Matrix F1 ∈ R3×n is composed of unit vectors vi ∈ R3×1, 
which define the orientation of the i-th rotor. The magnitude of vi is given by ∥vi∥ = kf, where kf is 
the coefficient that correlates the spinning velocity with the thrust. Matrix F2 ∈ R3×n consists of 
vectors wi ∈ R3×1, which represent the combined torque resulting from thrust and drag moment. 
 

                         .i m i i i iw k v r v                               (S3) 

 
Forces in the three coordinate directions are calculated based on the orientation of each rotor. 

The unit vector vᵢ decomposes into components along the x, y, and z axes, where its magnitude is 
given by ∥vᵢ∥ = kf. For a rotor tilted at angle θ, the x component of vᵢ is proportional to sin θ, the y 
component depends on the rotor’s angular position around the central axis, and the z component is 
proportional to cos θ. Summing these components across all six rotors yields the total force in 
each coordinate direction. 

Specifically, according to the Eq. (S3), where ri is the position vector from the i-th rotor to 
the UAV's center of gravity. Here, km is a coefficient that relates the spinning velocity to the torque 
generated around the rotation axis, and σi indicates the direction of rotation, with σi ∈ {−1,1}. To 
counterbalance the torque (drag moment) of each rotor, the value of σi is defined as σi = −1i. 
 

Section S3  Error and uncertainty analysis 

To ensure the accuracy of thrust measurements, thrust sensors were calibrated while mounted 
on the test stand. This approach mitigated any potential alterations in calibration factors due to 
structural preloading. The range of thrust values measurable by the balance is inherently defined 
by the maximum rating of the sensors. It is crucial to note, however, that the thrust cell 
experiences preloading from the stem and transmission structure, a factor that must be accounted 
for in the calibration process. Additionally, the rotational acceleration of the blades needs to be 
maintained within reasonable bounds, taking into consideration their mass. 

The primary sources of error in the experiments stem from the standard deviations of the 
rotational speed and the mean voltages from the thrust sensors. The measurement error associated 
with the speed is influenced by the number of magnets in the motor. For a given measurement 
time t, the error for a single pulse with a speed variation is as follows: 
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where n' represents the rotational speed for the subsequent pulse; m1 denotes the number of pulses; 
and p signifies the number of pulses produced per rotation. 

The relative error ԑ is (Prothin et al., 2019; Leishman et al., 2008): 
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ε represents the relative error, n is the rotational speed (r/s), and Δn is the absolute error of the 
speed.  

Given that the motor contains 24 magnets, p = 24, and the relative error is expressed as ε = 
60/(24tn). Typically, the standard deviation of thrust measurements is approximately 1% of the 
mean values. All uncertainty values presented in this study are calculated at a 95% confidence 
level. 

From Eqs. (5) and (8), the PL is explicitly expressed in terms of the measured thrust T, torque 
Q, and angular velocity ω. it can be derived that: 
 

                                PL .
T

Q
                                 (S8) 

 
According to Eq. (S8), the combined standard uncertainty of PL is evaluated by applying the 

first-order GUM (Guide to the Expression of Uncertainty in Measurement) propagation approach, 
assuming independent measurements: 
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This leads to the following compact relationship: 
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2
xu  is the variance, and xu is the standard uncertainty. 

The angular speed is evaluated using the pulse counting relation given in Eq. (S7). Given the 
relation ω = Ωπ/30, which represents a constant scaling, the relative uncertainty therefore remains 
invariant: 
 

.n Ωu u u

n Ω
 


    (S11)

 

The expanded uncertainty is given by PL PLU ku . In line with the 95% confidence level 

specified above, a two-sided coverage factor of k = 2 is used, which is deemed appropriate for 
distributions with approximately normal errors and large effective degrees of freedom. To ensure a 
clear presentation of the measurement precision, all key measured values and their associated 
uncertainties are reported with 95% confidence intervals in Table S3. 
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corresponds to the observations in Fig. 11. Furthermore, the surface velocity distribution 
transitions smoothly without abrupt gradients, indicating robust boundary layer attachment and no 
significant flow separation. This attached flow sustains high aerodynamic efficiency. 
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