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Abstract 
This work presents a three-dimensional numerical tool that is suitable for studying the aerodynamics and 

nonlinear dynamics of free-falling rotating seeds like samaras. The proposed simulation framework consists 

of a modified version of the unsteady vortex-lattice method (enhanced by including a diffusion model and 

the leading-edge vortex contribution by means of the Polhamus analogy) coupled with a multibody rigid 

dynamic model for the whole seed. The numerical scheme adopted by the aerodynamic subsystem is based 

on an explicit low-order integrator (Euler's explicit first-order method). On the other hand, the equations of 

motion associated with the structural part are integrated in the time domain using a second-order Lie group 

integrator based on an extension of the classical generalized-α method for dynamical systems. Among the 

main results obtained, it is found that the predicted terminal descending velocity and angular velocity 

(around the vertical axis) are in close agreement with experimental results reported in the literature.  

1 Introduction 

In recent decades, different research groups around the world have addressed the difficult task of studying 

and understanding the underlying physics that characterizes flight at small scales. Despite the constant 

advances in this area, many of them attributed to Dickinson’s team (Caltech, USA) and the Group of Animal 

Flight led by Ellington, there are still many unanswered questions [1]. The development of micro-air-

vehicles (MAVs) with similar capabilities to those shown by flying creatures is, nowadays, a very active 

research area. An alternative to MAV-like flapping wings is based on the simple way in which almost all 

plants and trees disperse their seeds over large distances ([2],[3]). Among the dispersal modes exhibited by 

seeds and flying fruits, the most interesting one, from an engineering point of view, is spinning flight [4]. 

The seeds that execute a rotary motion as they descend to the ground are known as samaras, and they are 

perhaps, the simplest, most stable and efficient “flyers” conceived by nature. Moreover, this kind of flight 

is an example of elegance and balance whereby gravitational potential energy becomes rotational kinetic 

energy that perpetuates an aerodynamically stable helical descent. 

Early studies related to rotating seeds date back to the 50s and were oriented towards analyzing the 

autorotation mechanism. Subsequently, several works about morphological features (e.g., roughness, airfoil 

shape, etc.) of samaras were published ([5]-[8]). However, none of these works provide detailed information 

on the inertial properties of the samaras (e.g. mass center, mass distribution, and first and second moment 

of inertia).  

On aerodynamics, Isaac Newton was the first to describe the falling free motion of a body immersed in a 

fluid medium in Philosophiae Naturalis Principia Mathematica. Nevertheless, it was Maxwell, who led the 

first systematic study about the autorotation mechanism [9]. He observed that a flat plate under gravitational 

and aerodynamic forces will start rotating even when there is no initial angular velocity, deducing that the 

center of pressure (CoP) and the center of mass (CoM) do not coincide during the descent movement. This 
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discrepancy in the positions between the CoP and CoM produces a torque that finally triggers a rotary 

motion. However, it was not until the second half of the 20th century that the autorotation phenomenon 

received the attention of the scientific community. In particular, maple seeds were extensively used for 

experimentation because their ΩV / VD ratio is relatively high (ΩV being the rotation speed and VD the sinking 

velocity). Norberg [5], conducted the first scientific study on a winged seed by using the momentum theory. 

Burrows [10] and McCutchen [11] used results derived from helicopter theory to investigate the autorotation 

transition in the flight of samaras. At the same time, Green [12] found a high correlation between the sinking 

velocity and the square root of the wing loading.  

Later, Lentink et al. [13] used a dynamically scaled model of a maple seed in order to study the three-

dimensional flow around it. They found that the presence of a leading-edge vortex (LEV) is one of the main 

mechanisms of lift production. In addition, it should be noted that the LEV is an underlying feature of animal 

flight, which explains the large lifting forces produced by insects, bats and birds [14]. On this basis, 

Lentink’s team pointed out that the LEV is a convergent solution in the context of natural flight, both in 

animals and insects as well as in plants. By using digital particle image velocimetry (DPIV), Salcedo et al.  

[15] obtained a detailed three-dimensional structure of the LEV on a samara, in close agreement with the 

results reported by Lentink. Several subsequent research efforts attempted to characterize the kinematics 

and aerodynamics of rotating seeds ([16]-[20]). 

Due to the great promises of the autorotation phenomenon in the context of MAVs, several numerical studies 

were published, aiming to understand the underlying physics behind this aerodynamic mechanism: flat 

plates undergoing an autorotation motion ([21],[22]), aerodynamics of freely falling plates and thin disks 

([23],[24]), and fluttering and tumbling of falling cards [25], among others. Despite these efforts, there are 

still several questions related to the unsteady aerodynamic, dynamic stability, and falling/autorotation 

transition associated with these flying structures. 

2 Kinematics of rotating seeds 

The computational model adopted in this work to study the aerodynamics/dynamics of rotating seeds is 

based on the maple seed (Acer Platanoides) morphology [5]. For reasons concerning the aerodynamic 

model, the surfaces that define the pod as well as the blade (lifting surface) of the seed were discretized 

using simple quadrilateral elements with four nodes (see Fig. 1a). 

Unlike other types of flying seeds, those that exhibit a rotating motion present two special features: i) the 

center of mass of the whole seed is located at one end; and ii) the blade area Sb is small, but the swept disk 

area generated by the rotation of the blade is large (see Table 1). The first characteristic promotes a rapid 

onset of autorotation, while the second allows the seed a stable descent on its way to the ground.  

Numerous experiments have shown that, in a quiet atmosphere, certain samaras can follow two different 

trajectories. The most frequent flight mode is characterized by a center of rotation (CoR) describing a 

straight vertical line. A second, more complex, flight mode is characterized by a compound motion, whereby 

the CoR also experiences an oscillation in the horizontal plane (normal to the rotation axis) leading to a 

helical motion of the CoR [26]. Table 1 presents the values of the main morphological and kinematic 

parameters for the maple seed used as a study case in this work. 
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Figure 1: a) Spatial geometry of seed; b) definition of the kinematical parameters for a samara 

In its descending motion, the samara does not adopt a perfectly horizontal blade plane, but the wing tip has 

an elevation with respect to the seed pod (see Figure 1b). Specifically, the coning angle β0, is defined as the 

angle between the longitudinal axis of the samara and the horizontal plane (being positive when the wingtip 

lies above the seed pod). This angle is a consequence of an equilibrium condition, whereby the torque due 

to the inertial forces (which tends to rotate the wing about its overall center of mass decreasing the coning 

angle) is balanced by the torque arising from the aerodynamic forces (which tends to increase the coning 

angle) [26]. If the wing is deflected into a different coning angle, these torques bring it back to the proper 

angle. 

Another important kinematic parameter is the pitch angle ψ, which is defined relative to the plane tangent 

to the swept cone, as depicted in Figure 1b. Equilibrium pitch angles tend to lie between 0º and –3º 

([13],[27]).  

Parameters value (Acer Platanoides) 
 

L Total length (cm) 4.70 

Lb Blade length (from CM to blade tip) (cm) 3.70 

β0 Coning angle 20º 

Cmax Maximal width (max chord) (cm) 1.70 

Sb Blade area (cm2) 4.52 

Ad Swept disk area (projected on the tip path plane) (cm2) 38.50 

m Mass (g) 0.11 

W Weight (N) 0.00107 

BW Blade loading (N/m2)  2.83 

DW Disk loading W/Ad  (N/m2) 0.332 

ΩV Spinning velocity (rad/s) 81.6 

VD Sinking velocity (m/s) 0.90 

Table 1: Morphological and kinematical parameters of the Acer Platanoides (extracted from [5]) 

3 Aerodynamic model 

The Unsteady Vortex Lattice model employed for this work is similar to the one used by Preidikman [28] 

and Roccia et al. [29], but it incorporates two major additions: i) a vortex-core growth model; and ii) a LEV 

model based on the Polhamus analogy. The UVLM can be applied to three-dimensional lifting and non- 
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Figure 2: a) Discretization of the bound-vortex sheets representing the seed; b) arrangement of vortex 

rings on the bound- and free-vortex sheets  

lifting flows. The surface of the body may undergo arbitrary time-dependent deformation, and it can execute 

any type of maneuver in the space surrounded by moving air. The flow around the full body, i.e. the pod 

and the blade, is assumed to be irrotational and incompressible over the entire flowfield, except in the regions 

surrounding the solid boundaries of the body and wakes. As a result of the relative motion between the body 

and fluid, vorticity is generated in a thin region surrounding the surface of the body (the boundary layer). 

Part of this vorticity is shed from the sharp edges and forms the wakes. We consider the boundary layers 

and wakes as zero-thickness sheets of vorticity. 

In the unsteady vortex-lattice method, the bound vortex sheet is replaced by a lattice of short, straight vortex 

segments of circulation Γi(t). These segments divide the surface of the seed’s pod and blade into a number 

of surface elements (panels) (see Figure 2a). The model is completed by joining free vortex lines, 

representing the free vortex sheets, to the bound vortex lattice along the edges of separation, such as the 

trailing edge and wing tip of the lifting surface (see Figure 2b). 

The velocity induced by a finite straight vortex segment of circulation Γ(t) can be computed using the 

following discrete version of the Biot-Savart law: 
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where r is the field point where the velocity is being computed, r1 and r2 are position vectors of the point 

where the velocity is being computed relative to the ends of the straight vortex segment, ω = r1 − r2, and δc 

is the cutoff radius ([29],[30]) used to eliminate the singularity at points on the vortex line. Standard 

procedures use a range for the cutoff radius between 10% and 25% of the vortex segment length [30]. 

The governing equation of the problem is complemented with a set of boundary conditions: the regularity 

at infinity condition and the non-penetration (or impermeability) condition. For imposing these conditions, 

it is necessary to recall that the position of the solid surface is known, as a function of time, and the normal 

component of the fluid velocity is prescribed at the boundary. The former condition requires that the velocity 

field associated with the disturbance decays away from the body and their wakes. Hence, 
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r
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where 𝐕𝐵 is the velocity associated with the bound vortex lattice, and 𝐕𝑊 is the velocity associated with the 

free vortex lattice being shed from the wing’s trailing edge and tip. The velocity field obtained from Eq. (1) 

satisfies this condition. 

The non-penetration condition requires that, over the entire surface of the seed, the normal component of 

the fluid velocity relative to the body’s surface must be zero: 
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where 𝐕∞ is the free-stream velocity, 𝐕𝑃 is the velocity of the solid (seed’s  pod and blade), and 𝐧 is the unit 

vector normal to the body surface. 

Because the vortex sheets are replaced by vortex lattices, the non-penetration condition given by Eq. (3) is 

only satisfied at one point in each panel; these are called control points (CPs), and they are located at the 

centroid of area of each panel (see Figure 2b). The specification of this condition at each control point of 

the body results in a linear system of algebraic equations (generally with variable coefficients) in terms of 

the unknown vortex ring circulations Gj(t) and the aerodynamic influence coefficients Aij(t) ([28],[31]), 

  
1

ˆ 0      for    1,2,..., .
NP

ij j W p i

j

A G i NP



     V V V n  (4) 

where NP is the number of aerodynamic panels. The system of equations (4) is solved for the Gj(t) by using 

either a direct procedure, such as LU decomposition, or an iterative procedure, such as the Jacobi or Gauss 

Seidel methods. 

Once the circulations Gj(t) are calculated, the wake is propagated, at the local velocity of the fluid, using a 

simple first order numerical scheme such as, 

       ,node node nodet t t t t    r r V  (5) 

where rnode(t) is the vector position of a straight vortex segment node at time t, Vnode(t) is the velocity of the 

node at time t, and Δt is the time step.  

3.1 Growth vortex-core model 

The UVLM is based on a potential flow model and therefore does not consider viscous effects. This fact 

implies that each vortex segment shed and convected away from the sharp edges maintains its intensity 

regardless of its “age”. However, because of both viscosity and vortex-core growth effects, its circulation 

intensity decreases with time until it eventually disappears [32]. In addition, the inclusion of a viscous vortex 

core has proven to be an efficient mechanism to handle situations where two vortex lines are in close 

proximity or when the wing cuts through its own wake. This treatment has been used to overcome the 

difficulties when simulating blade-vortex interactions for helicopter rotors [33], and wing-wake interaction 

for flapping wings ([34],[35]), among others. 

Each row of vortex segments in the wake is labeled with a different age, and thus, the core radius of the 

segments shed at t0 is bigger than the radii of the segments shed into the wake at the latest time step. Although 

there exist several vortex-core growth models, in this work we adopted a modified version of the viscous 

Lamb-Ossen model (which includes the viscosity effect) [36] and initially proposed by Squire [37]. On this 

basis, the cutoff radius in Eq. (1) is replaced by, 
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where αv = 1.25643 is the Ossen parameter, ν is the kinematic viscosity of air, t is the time elapsed since the 

vortex segment was shed into the wake, rc0 is usually set to 10% of the vortex segment length, and δv 

represents the additional dissipation due to viscosity, which is defined in term of the vortex segment 

circulation Γ as, 

 11 ,v a



   (7) 

where a1 is the Squire’s parameter. The choice of Squire’s parameter is directly related to the core growth 

rate and is important for maintaining the stability of the solution [38]. 
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3.2 Leading-edge model 

Because the motion of natural flyers such as winged insects and rotating seeds is quite complex, vortex 

shedding from the leading edge depends on the angle between the local fluid velocity and the wing/blade 

plane (effective angle of attack). As mentioned earlier, the LEV plays a crucial role in enhancing the lift 

generated by insect wings. Several experiments, mostly due to Ellington’s group ([39],[40]) and Dickinson’s 

team ([14],[41],[42]), have shown that the separated sheet near the leading-edge reattaches, leading to a 

stable LEV. This phenomenon depends partly on a strong spanwise flow that drains vorticity from the LEV 

toward the wing-tip vortex (analogous to the LEV on delta wings). These findings allowed the use of 

Polhamus’s leading-edge suction analogy to take into account the extra lifting force due to the presence of 

an attached and stable LEV on insect wings ([34],[41],[43],[44]). Other techniques can be used to calculate 

the LEV contribution to the lift, such as the Leishman-Beddoes model [35] and a leading-edge wake shed 

from the bound leading-edge panels [29]. 

In the context of rotating seeds, Lentink et al. [13] carried out a series of experiments on a dynamically 

scaled robot to test whether this natural autorotating phenomenon generates a LEV. For all tested seed 

models, Lentink’s team found that a prominent LEV is generated near the blade root, which is markedly 

similar to the LEVs produced by insect wings. Because the seed rotation introduces a radial velocity 

distribution while it descends, the geometrical angle of attack, αG, increases towards the blade root, taking 

its minimum value at the blade tip (see Figure 3a). According to results reported by Lentink et al., this trend 

explains in part why the LEV remains well attached to the seed’s surface.   

According to Polhamus [45], it is possible to estimate the additional lifting force associate with the presence 

of a LEV from the suction force (predicted by potential flow theory), provided that the vortex travels with 

the wing. Thanks to the important similarity between the LEV in insects and seeds, together with the 

reasoning pointed out by [34], it is possible to estimate the leading edge vortex contribution on these natural 

flyers using the analogy proposed by Polhamus. It assumes that the vortex force in a separated flow has a 

magnitude equal to that of the suction force predicted in attached flow conditions. However, the force 

direction is rotated by 90º (when the flow is separated) in order to be normal to the lifting surface. In this 

work, the force calculated by means of the leading-edge suction analogy is applied at the control points of 

the panels located along the leading edge of the seed´s blade. To determine the flow condition, we 

implemented a scheme based on an on/off mechanism [29]. The mechanism consists mainly of computing 

the value of the effective angle of attack α at each time step and comparing it with a reference value; in the 

present examples, the reference is αc = 12º. If α ≥ αc, the flow is separated, and the suction force is rotated 

by 90º to be perpendicular to the blade’s surface; conversely, if α < αc, the suction force remains parallel to 

the blade’s surface (see Figure 3b). The angle of attack is computed at each panel located along the leading 

edge by considering the freestream velocity (if it exists), the instantaneous wing velocity, and the velocity 

induced by all the vortex segments belonging to the bound and wake vortex sheets. 

According to Lan and Roskam [46], the leading edge suction force per unit length of the leading edge is, 

  2 ,
8cos

s p LE
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 (8) 

where q∞ is the freestream dynamic pressure, ΛLE  is the leading edge sweep angle, ΔCp is the pressure jump 

coefficient, ηLE is the position of the leading edge and η is a spatial coordinate along the chordwise direction. 

Following the procedure detailed by Nguyen et al. [34], the final, quasi-steady, expression for the leading 

edge suction force, adapted for the UVLM, is given by, 
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where Γ𝐿𝐸𝑗
 is the circulation of the vortex segment placed at the leading edge of the jth aerodynamic panel 

along the leading edge, Δ𝜂𝐿𝐸𝑗
 is the length of the jth leading-edge panel in the chordwise direction, ρ is the  
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Figure 3: a) Geometrical angle of attack, where ξ is the spatial coordinate along the spanwise direction 

(adapted from [13]); b) leading-edge suction force and LEV force sketch  

constant density of the fluid, and ηs is the leading-edge suction efficiency coefficient (which can range from 

0 to 1). The efficiency coefficient is introduced because the value of the real suction force can be less than 

the one predicted by Eq. (9) due to viscous effects and the leading-edge shape, among other reasons 

([34],[47]). 

3.3 Aerodynamic loads 

The aerodynamic loads acting on the lifting surfaces are computed as follows: 1) for each element, the 

pressure jump at the control point is computed by applying the unsteady Bernoulli equation; 2) the force on 

each element is calculated as the product of the pressure jump, the element area, and the unit vector normal 

to each aerodynamic panel; 3) the resultant forces and moments are computed as the (vector) summation of 

the forces and moments produced by each element. The unsteady Bernoulli equation is given by 

          
1 1

; ; ; ; ,
2

t t t t p t H t


    φ r V r V r r  (10) 

where ∂t denotes the partial time derivative at a fixed space location in an inertial reference frame, V(r;t)  

is the spatial gradient of the velocity potential φ(r;t), p(r;t)  is the unknown pressure, H(t) is the total energy 

per unit mass, which only depends on time and has a unique value at every point of the whole fluid domain, 

and r is the position vector of a fluid particle at the instance t. 

In its present form, the evaluation of 𝜕𝑡𝛗 is troublesome, but this term can be stated so as to make its 

evaluation relatively easy. Detailed explanations of the treatment of each term in Eq. (10), as well as a full 

formulation of the unsteady vortex lattice method are given by Preidikman [28], Preidikman and Mook [48] 

and Roccia et al. [29]. It should be noted that the leading edge suction forces (if α < αc) or LEV forces (if α 

≥ αc) computed by Eq. (9) are added to those calculated by Eq. (10). 

4 Rigid body dynamic model 

In this work, the complete seed is modeled as a rigid body, whose equations of motion are described on the 

Lie group defined as the Cartesian product of the translations group ℝ3 (Euclidean space) and the special 

orthogonal group SO(3) (proper rotations) [49]. In this formulation, the configuration of the seed is 

represented by an element 𝑄(𝐱0, 𝐑), where 𝐱0 ∈ ℝ3 is the position vector of the mass center of the seed 

(translation) and 𝐑 ∈ 𝑆𝑂(3) is a rotation matrix that characterizes the orientation of the fixed-body frame 

(denoted here by 𝑩 = {�̂�𝟏, �̂�𝟐, �̂�𝟑}) with respect to the inertial frame 𝑵 = {𝐧𝟏, 𝐧𝟐, 𝐧𝟑}. The set 

ℝ3 × 𝑆𝑂(3) is a six-dimensional Lie group whose composition is given by the direct product, i.e, if 

𝑄1(𝐱1, 𝐑1) and 𝑄2(𝐱2, 𝐑2) ∈  ℝ3 × 𝑆𝑂(3), then the group operation is simply 𝑄1°𝑄2 = (𝐱1 + 𝐱2, 𝐑1𝐑2). 
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This composition can be expressed as matrix product provided that Q is represented by the following 7 × 7 

matrix, 

  
3 3 3 1
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Its Lie algebra, denoted by ℝ3 × 𝔰𝔬(3), is given by the following set of matrices, 
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where �̃� is a skew-symmetric matrix. As ℝ3 × 𝔰𝔬(3) is isomorphic to ℝ6, through the invertible mapping 

( ∙ )̃, each �̃� can be expressed as a six-dimensional vector 𝐯 = (𝐮0
𝑇 , 𝛀𝑇)𝑇 with 𝛀 = vect(�̃�). By using a left 

invariant representation for derivatives and assuming 𝐯 as the velocity, 𝐮0 is interpreted as the vector of 

translation velocities in the inertial frame and 𝛀 is the vector of angular velocities in the body-fixed frame. 

In this work, we consider two different models for the seed: i) a full six degree-of-freedom model (6-DOFs), 

and ii) a five degree-of-freedom model (5-DOFs) where the coning angle is set at a constant value throughout 

the simulation. Due to the constant coning angle condition, the rotation matrix R has to satisfy some 

kinematic constraint.  

Following the procedure exposed in [49] and after some algebraic manipulations, the index-3 differential-

algebraic equations that govern the temporal evolution of the rotating seed under gravitational and 

aerodynamic forces are given by, 

 

 

   

0

0 3 1

3 1

2 3

, ,

,

,

ˆ ˆ 0,

g a

T T

a

T T

m

a











  

   

  

Q Q x R v

u F F 0

JΩ ΩJΩ R m B 0

Q b R n

 (13) 

where J is the inertia tensor of the seed with respect to the center of mass in the body-fixed frame, Fg is the 

force due to the gravitational field, Fa is the force vector that accounts for the aerodynamic force distribution 

on the seed’s blade, ma is the aerodynamic moment with respect to the center of mass of the seed, aβ is the 

cosine of the coning angle formed between vector �̂�𝟐 (pointing along the span direction of the seed) and 

vector 𝐧𝟑 (aligned with the vertical axis), λ is the Lagrange multiplier associated with the constraint 𝜙, and 

B is the Jacobian matrix due to the constraint, written as,  

 𝐁 = �̂�2
𝑇𝐑𝑻𝐧𝟑

̃ . (14) 

If the constraint equation as well as the Jacobian matrix are removed from the formulation in Eq. (13), we 

obtain the equations of motion for the unconstrained system (six degrees of freedom). 

4.1 Computational implementation 

The approach followed in this work treats the rigid body dynamic model (called Simulator 1) and the airflow 

model (called Simulator 2) as different subsystems of a single dynamical system. These two simulator 

engines exchange information bi-directionally in an iterative sequence in order to continuously improve the 

estimation of the structure’s response and the aerodynamic loads, respectively ([50],[51]). On the one hand, 

the numerical scheme used by Simulator 2 utilizes a simple first order scheme (Euler method) ([28],[29]). 

On the other hand, the numerical procedure adopted for Simulator 1 to solve the equations of motion of the 

seed is a second order Lie group integrator [49] based on an index-3 formulation of the generalized-α time 

integration scheme [52]. As the adopted numerical procedure in Simulator 1 performs Newton-Raphson 
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iterations, it requires the linearization of the equations of motion expressed in Eq. (13). After some algebraic 

manipulations, the iteration matrices associated with the dynamical equations (13) for the 5 and 6 degree-

of-freedom models are, 
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where CT is the damping tangent matrix, 𝐊𝑻𝟏
 and 𝐊𝑻𝟐

are the stiffness tangent matrices, TSO3 is the tangent 

operator associated with the exponential map in SO(3), and β’ and γ’ are algorithmic parameters, 

   𝐂𝑇 = �̃� J − J �̃�,  

𝐊𝑇1
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In Eq. (16), h is the time-step, 𝛙 is the Cartesian rotation vector [53], 𝜎 = ‖𝛙‖, and β, γ, αf and αm are 

numerical parameters associated with the integrator. Let us note that the generalized-α method is equivalent 

to the Hilber-Hughes-Taylor method if αm = 0 and to the Newmark method if αm = αf = 0. Here, their values 

are selected according to  
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where 𝜌∞ represents the desired value of the spectral radius at infinite frequencies. For a detailed integration 

algorithm and a full explanation of the derivation and linearization of the equations of motion of a rigid 

multibody system, the reader can consult ([49],[54]). 

 Sequence of steps during a typical time-step 

1 
Simulator 2 is used to convect the wakes to their new positions 

through Eq. (5) 

2 Simulator 1 uses the current loads computed by Simulator 2 to predict 

the response of the seed’s structure. 

3 

The current state of the seed is used as input to Simulator 2 and the 

loads are recalculated, but the wake remains frozen. Then, these loads 

are used as input to Simulator 1 and the state of the seed is updated. 

This step is repeated until convergence.  

4 
Then, the final position and velocity of the seed are evaluated by 

Simulator 1, and these values are used by Simulator 2 to recalculate 

the flow field and obtain the final estimate for the aerodynamic loads. 

Table 2: Co-simulation strategy 

In the context of this paper, simulation refers to a numerical solution of a continuous system, whereas co-

simulation describes the concept of simultaneous executions of multiple interacting subsystem simulators. 
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During a time-step h, the wakes are consistently convected to their new positions with the requirement that 

vorticity moves with the fluid particles, while, simultaneously, the structure of the seed moves to its new 

position as a result of the applied forces and constraint equations. This concept is implemented by 

performing a sequence of steps to calculate the solution at time tn+1 = tn + h (see Table 2). At each time step, 

Newton-Raphson iterations are performed until the absolute error in the residue (motion equations) and the 

iteration error (in the increments) are both less than a prescribed error tolerance. Usually, in step 3, seven to 

twelve iterations are required to reduce the error to less than 10−10. 

Although Simulator 1 and Simulator 2 are computational implementations of physical fields independently 

modeled as the aerodynamics and the seed structure, the coupling procedure is indeed strong because 

information is exchanged bi-directionally until convergence of the coupled problem, and the chosen step, 

which advances the solution in time, is unique for the two simulation environments. 

5 Numerical results 

In this section, results obtained from the implementation of the proposed methodology written in Fortran 90 

are presented. This implementation is highly structured in a modular organization; each component can be 

individually removed and replaced. Furthermore, new modules can be added without modifying the general 

structure of the program. The morphological data of the rotating seed analyzed in this section were already 

presented in Table 1. The rest of the parameters are: aerodynamic coefficient a1 = 0.1, leading-edge suction 

efficiency coefficient ηs = 0.7, spectral radius 𝜌∞ = 0.8, critical angle of attack αc = 12º, and a fully spatial 

discretization of the seed of 280 aerodynamic panels (80 for the pod and 200 for the blade). The time-step 

is ℎ = 1.06766 × 10−3 s and is determined as the ratio between a characteristic length and a characteristic 

velocity. The former is the typical length of a panel on the aerodynamic mesh (Lc = 1.4736 mm). The latter 

is a representative velocity of the problem, in this case the linear velocity of a point at 50% of the blade’s 

span once the seed has achieved a steady motion (Vc = 1380.22 mm/s).  

Finally, the initial conditions are: initial position of the center of mass x0 = 0.0, initial velocity of the center 

of mass u0 = 0.0, initial angular velocity ΩV = ‒50.0 rad/s, coning angle β0 = 20º, and pitch angle ψ = ‒0.5º. 

Four thousand time steps (equivalent to 4.27 seconds of physical time) were used to perform numerical 

simulations of the descent of a samara, since its initial configuration until it reaches a steady motion. The 

total computational cost per simulation was, on average, four hours.  

When the model is released from this initial condition, the constrained model (constant coning angle) 

predicts a final steady motion in close agreement with the data reported by biologists. After 0.5 s of 

simulation, the seed starts to stabilize its motion by achieving a terminal sinking velocity of VD = 1021.00 

mm/s, a terminal angular velocity ΩV = ‒74.14 rad/s and a pitch angle ψ = ‒2.74º (see Figures 4c, 4d and 

4e). The predicted values of the sinking and angular velocities exhibit relative percentage errors of 13% and 

9.17%, respectively, when compared to typical measured values for this kind of seed. Although there is no 

detailed information in the literature about the pitch angle of the seed studied here, the value obtained is 

within the expected range according to Lentink et al. [13] and Azuma and Yasuda [27]. In steady motion, 

the aerodynamic force cancels the weight of the samara, preventing it from accelerating downwards (see 

Figure 5a). A steady descending motion necessarily implies, at least, three stable characteristics: the 

effective angle of attack of the blade, the coning angle, and the sideways motion. In this analysis, while the 

coning angle is forced to a constant value of 20º, the pitch angle is allowed to change, reaching a constant 

value in steady motion (see Figure 4e). This means that the effective angle of attack also achieves a constant 

distribution along the blade’s span. This stability condition occurs whenever the center of pressure coincides 

with the center of mass of the samara. In figure 5b, we can observe that the effective angle of attack is high 

near the seed’s pod, which means that the CoP is shifted toward the trailing-edge. However, towards the tip 

where most of the lift is generated, the angle of attack is lower and the center of pressure lies near the 

quarter-chord point, leading to a nose-up pitch moment. Although there is no data for the angle of attack of 

the seed studied, the distribution obtained is similar (in both trend and magnitude) to other seeds analyzed 

by Lentink et al. In addition, it should be noted from Figures 4a and 4b that the seed’s mass center describes 

a sort of helical path while falling to the ground, also in agreement with experimental observations [55].   
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Figure 4: a) Sideway displacement; b) sideway velocity; c) sinking velocity; d) angular velocity around 

the vertical axis; e) pitch and coning angles; e) Lagrange multiplier 

 

 

Figure 5: a) Lift force; b) effective angle of attack distribution (m1: Acer palmatum, m2: Acer diabolicum 

Blume, m3: Carpinus ischonoskii, extracted from [13]); c) wake pattern in steady motion 
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Finally, results for the Lagrange multiplier associated with the coning angle constraint are presented in 

Figure 4f. As can be observed, its magnitude is different from zero in steady motion. Despite the very 

encouraging results obtained, this fact implies that there exists some kind of unbalance between the 

inertialforces and the aerodynamic forces. Numerical simulations performed with the six degrees of freedom 

model showed that removing the coning angle constraint leads to another stable configuration characterized 

by: i) a sinking velocity VD = 2500 mm/s, ii) angular velocity ΩV = ‒158.7 rad/s, iii) pitch angle ψ = ‒23º, 

and iv) coning angle β0 = ‒63º. In this configuration, the angle of attack along the blade showed a similar 

distribution as the one presented in Figure 5b.  

It is necessary to highlight the lack of data related to the inertial properties (mass center and inertia tensor), 

which necessitated some gross estimations of these parameters, based on approximate measurements 

reported by Norberg [5]. In addition, Azuma and Yasuda [8] found several reasons why their prototypes 

reached a stable motion in a very different configuration from that exhibited by the real samaras, or even 

worse, the transition to autorotation never happened. Among the most important reasons, they mentioned 

that the blade should have a negative camber, at least at the inboard portion (but recall it is the tip of the 

blade that contributes most to lift). In other words, it should be convex downwards; this causes the airfoil to 

settle at a stable and suitable angle of attack. 

6 Conclusions 

This paper presented the development of a numerical tool for studying the dynamics and unsteady 

aerodynamics of rotating seeds. The subsystem involving the rigid body dynamic model was built using a 

formalism based on matrix Lie groups. This dynamic model has been successfully coupled in a strong way 

to the subsystem that models the aerodynamics, which is based on an enhanced version of the unsteady 

vortex lattice method. The numerical integration of the dynamical equations was performed successfully in 

the time domain using a specially modified generalized-α scheme to handle index-3 differential-algebraic 

equations formulated in a Lie group setting.  

Some important preliminary conclusions can be drawn from the work. The five degree-of-freedom model 

(constrained coning angle) results in accurate predictions for the response of rotating seeds, including the 

aerodynamic forces, terminal sinking velocity, terminal angular velocity, terminal pitch angle, and angle of 

attack distribution, among others. These variables are crucial for understanding the seed dispersion and for 

the development of micro air vehicles based on the autorotation phenomenon. However, the 5-DOFs model 

does not fully reflect the real behavior of these natural flyers because of a non-zero torque arising from an 

unbalance between the inertial and aerodynamic forces. In this regard, more studies (using the 6-DOFs 

model) are needed in order to fully identify the causes of this unbalance.  

Despite the limitations outlined above, the co-simulation framework presented in this article is an excellent 

starting point for studying rotating seeds as well as samara-like MAVs. 
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