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Abstract

Samaras, the winged seeds of trees such as maple, ash, and poplar, utilize passive aerody-

namic mechanisms for wind-driven dispersal. While maple samaras are well-documented for

their stable autorotation, rolling samaras, including those from ash and poplar species, ex-

hibit a coupled rolling-autorotative motion that remains less understood. The aerodynamic

mechanisms governing both maple and rolling samaras are characterized, with a particular

focus on their response to morphological and dynamic perturbations. High-speed imaging,

wind tunnel experiments, and computational modeling quantify the kinematics, aerodynamic

stability, and recovery mechanisms of samaras under controlled conditions. The influence of

mass distribution, wing morphology, and environmental perturbations—such as crosswinds

and raindrop impacts—on dispersal efficiency is analyzed. Experimental results demonstrate

that maple samaras maintain robust autorotation despite external disturbances, rapidly re-

covering from transient aerodynamic disruptions. In contrast, rolling samaras exhibit a

more complex aerodynamic response, where rolling motion influences both stability and lat-

eral displacement in turbulent environments. Bridging gaps in the understanding of natural

dispersal mechanisms advances ecological studies of wind-dispersed seeds and informs bio-

inspired flight applications, particularly in passive aerial vehicle design. Insights from this

work contribute to improving seed dispersal models, optimizing conservation strategies, and

inspiring innovations in bio-inspired robotics and micro-airborne systems.
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Chapter 1

Introduction

1.1 Motivation

This dissertation seeks to understand the physics of flight in nature and apply those insights

to robust, adaptive technologies. Bio-inspired flight research has advanced micro air vehicles

and autonomous delivery platforms by learning from insects1–3, birds4–6, and wind-dispersed

seeds7–9. Fundamental questions in unsteady aerodynamics, vortex dynamics, and passive

stability benefit from models that evolved for reliability rather than control.

Samaras from maple, poplar, and ash provide a uniquely informative model of passive yet

stable flight10–13. Engineered flyers rely on control surfaces and feedback, whereas samaras

achieve resilience through geometry and passive aeroelastic response, tolerating gusts14 and

even raindrop impacts15. Study of their structure–function relationships yields principles

that translate naturally to simple, robust, and fault-tolerant vehicles.

Forests sustained by these genera underpin biodiversity, carbon storage, hydrologic regu-

lation, and ecosystem stability16–19. Maple, poplar, and ash also support livelihoods through

timber, urban canopy services, and syrup production in northern regions, making seed dis-

persal not only an ecological process but also a contributor to regional economies. Public

statistics from agencies such as USDA NASS and Natural Resources Canada document the

scale of maple production, and industry reports highlight its sensitivity to climate and forest

health, reinforcing the need for accurate dispersal and regeneration models.

Important knowledge gaps remain regarding the kinematics and aerodynamics of rolling

samaras, their performance in turbulence and crosswind, and their comparative efficacy rel-

ative to spinning samaras such as maple. The research addresses these gaps by resolving

governing principles for rolling flight, quantifying environmental responses, and benchmark-

ing performance against spinning counterparts. Insights advance fundamental flight science

while informing conservation, reforestation, and design of bio-inspired aerial devices that are

efficient, resilient, and environmentally aligned.

1.2 Flight of the samara

Plants employ diverse seed dispersal strategies to maximize reproductive success. Wind-

dispersed samaras are winged achenes that exploit two dominant passive flight modes, au-
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torotation characteristic of Acer (maple) and rolling common in Fraxinus (ash) and Liri-

odendron (poplar), with each strategy relying on distinct aerodynamic principles10–13. In

autorotation, an offset center of mass and cambered wing establish a stable leading-edge

vortex that produces lift and regulates descent rate10,13. In rolling, the seed rotates about

its span while precessing, sampling crossflow over a cycle and converting wind energy into

lateral drift that aids dispersal11. Morphology governs both behaviors, with aspect ratio,

thickness-to-chord ratio, span, and mass setting key dimensionless groups and kinematic

outcomes such as Reynolds number, moment of inertia, cone angle, and tip-speed ratio12,13.

Passive stabilization enables resilience to gusts and even raindrop impacts14,15. Ecologically,

these flight modes promote colonization, maintain genetic connectivity, and sustain forests

that support biodiversity, carbon storage, and regional economies such as maple syrup pro-

duction16–19. A mechanistic account of samara aerodynamics therefore advances fundamen-

tal flight science while informing conservation, reforestation, and the design of simple and

fault-tolerant bio-inspired aerial systems.

1.2.1 Autorotation in samara flight

The mesmerizing aerial performance of the samara seeds, known as autorotation, has long

captured the curiosity of both nature enthusiasts and scientists alike. Beyond their visual

appeal, the autorotating flight of maple seeds, also called samaras, serves an ecological

purpose. Samara-bearing trees have developed the ability to produce winged seeds as a

means to enhance proliferation. The samara wings enable the seeds to leave the parent trees,

extending their reproductive reach and enhancing the chances of successful establishment by

increasing the time from tree to ground13,14,20–22. The subjects of this study, fruits of the

genus Acer (A.) seeds vary in size, mass, and shape (Fig.1.1), yet maintain a tight band of

descent velocities across species.

To increase the time from tree to ground, samaras slow their descent by autorotation

that generates lift and exposes more of the samara area to oncoming air, increasing drag

in descent. Samara seeds have developed a sophisticated interplay between morphological

factors to facilitate autorotation. The winged structure of the seed increases the surface

area exposed to the air, resulting in an aerodynamic drag force preventing the seed from

falling rapidly23, an ability that remains intact even in the presence of a strong crosswind14.

The majority of samara mass is concentrated towards the heavier nutlet10,24, such that on

one side of the center-of-mass, the samara is denser and rounded. On the other side of the

center-of-mass is the high-aspect-ratio, and higher drag wing. The result is that samaras

autorate with the nutlet down to create a coning angle θ, shown in Fig.2.2a. Aerodynamic

2



1 cm

Figure 1.1: Samara species tested in this study. The average span of the species increases from
left to right.

and centrifugal forces of the spinning samara achieve equilibrium, imparting stability to both

the angle of attack and coning angle during descent13,25,26.

The relation between the dynamics of autorotation and the morphological features of

samaras is complex, has been the focus of multiple previous studies10,13,27–30, and is not yet

fully characterized. Efforts to improve modeling accuracy by increasing complexity have

not provided tools by which multiple samara species can be compared. Among the various

aerodynamic variables measured, descent velocity Vd stands out as the most investigated

quantity. The standard approach to link Vd to morphological characteristics, is what has

been termed wing loading27,

V 2
d ∼ mg/A, (1.1)

where m is samara mass, A is plan-view area, and g is the acceleration due to gravity. We

present the relation between V 2
d and mg/A for the samaras of this study shown in Fig.3.1a.

Wing loading suitably assesses the loading profile of an individual wing across diverse speeds

but proves less effective as a metric for comparing distinct wing shapes between Acer species–

a distinction we explore in greater detail.

Furthermore, as we compile and analyze previous samara studies8,27,31, a striking lack

3



of agreement between terminal velocity and wing loading becomes apparent, as depicted

in Fig.3.1b. This recurring pattern strongly suggests that additional factors should be

considered when forming a relationship that relates samara size to its rate of descent.

1.2.2 Rolling in samara flight

F. excelsior  L. tulipiferaF. americana

Figure 1.2: Composite image showing the descent of three different samara species—Fraxinus
americana, Fraxinus excelsior, and Liriodendron tulipifera captured at 1000 fps. The images illus-
trate the differences in falling trajectories and rotational motion among species.

Aerodynamic adaptations for improved seed dispersal are exemplified by samaras, winged

seeds that exploit autorotation to enhance wind-assisted travel by prolonging the time in

flight23,32. Maple (Acer spp.) samaras descend solely through stable helical autorotation,

whereas samaras from species such as (Fraxinus spp.) and tulip poplar (Liriodendron tulip-

ifera) combine spanwise rolling with precession to produce a dual-axis rotation during de-

scent33 as seen in Fig.1.2. Both rolling and non-rolling samaras follow helical trajectories

but differ in the aerodynamic mechanisms that produce lift. While descent dynamics of

maple samaras have been well characterized, the aerodynamic role of rolling motion remains
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largely unexplored, despite early observations recognizing that ash and tulip samaras rotate

about both their spanwise and vertical axes33.

Prior studies of autorotating samaras34, fluttering plates35,36, and tumbling parallelo-

grams37,38 reveal that morphological asymmetries and rotational dynamics significantly in-

fluence aerial trajectories. Fluttering involves oscillatory see-saw-like motion in which the

falling plate does not flip, as is typical of falling paper35,36. Tumbling, in contrast, is charac-

terized by end-over-end rotation driven by dynamic instabilities in aerodynamic torque37,38.

Tumbling generates lift and lateral propulsion. Rolling is tumbling, but in the context of

samaras, tumbling through a precessional rotation. The interplay between mass distribu-

tion, geometry, and rotational kinematics governs which descent mode–fluttering, tumbling,

or rolling–is observed. Rolling samaras share descent characteristics with both non-rolling

autorotators and tumbling plates.

Rolling motion introduces continuous reorientation of the wing relative to the airflow, fun-

damentally altering the aerodynamic forces compared to non-rolling autorotators. Unlike

maple samaras, which maintain a relatively fixed angle of attack and generate lift through

stable leading-edge vortices (LEVs)39,40, rolling samaras experience periodic modulation of

angle of attack as they rotate spanwise41. Dynamic rolling generates time varying lift force

and torque, leveraging unsteady aerodynamic mechanisms similar to those observed in flap-

ping insect flight42.

1.2.3 Disturbance and resilience in samara flight

Raindrop impacts on samaras

Trees release their seeds across an array of atmospheric conditions from calm to blustery

and torrential43–45. Those that drop their seeds with the aid of mechanical perturbation9,46,

such as wind, are likely to do so in the presence of rainfall. While seeds such as acorns

and walnuts will be little affected by raindrop collisions during their descent, those that

rely on high drag to slowly descend47–50 are likely to encounter ballistic drops during their

passive flight. Studies of aircraft51,52 and flying animals53 have demonstrated that rain slows

flight. Encountering rainfall during flight is a shared experience among all biological flyers

and gliders across several orders of magnitude in scale, from gnats to birds. Birds and bats

experience decreased flight efficiency but are not notably pushed by drop impacts25,53. By

contrast, small insects are displaced downward several body lengths and at high acceleration

before their hydrophobicity and high drag profile permit separation from the drop and flight

recovery54–56. Impacts with small insects weighing ≲ 3 mg do not result in raindrop splashing

whereas impacts with birds fracture drops.
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Samaras from the genus Acer (A.), the subjects of this study, occupy the middle ground

between small insects and birds where impacts can result in a non-fragmenting push or a

splash55, dependent upon the size of the two bodies and impact dynamics. Rain of various

intensities, dripping from above leaves, and splashes from other impacts all generate drops

that may strike a samara mid-flight. A typical impact sequence between a samara and a

drop is pictured in Fig.1.3. To simulate the impact of raindrops on samaras, we levitate

autorotating samaras in a wind tunnel and subject them to drop collisions as illustrated in

Fig.2.4a. Our samaras have a mass ms = 25− 40 mg and total length, or span, S = 27− 48

mm. Drops toward the larger end of the raindrop spectrum were chosen for this study

because they can transfer more momentum and wetting mass than smaller drops, thereby

presenting greater in-flight perturbations. Our drops have a representative mass of md = 31

mg and diameterD = 3.88 mm and are categorized as “large” raindrops57. The experimental

velocity of U + V = 433± 40 cm/s reflects both the measured speed of drops released ∼1 m

above the wind tunnel, U = 349 ± 25 cm/s, and tunnel windspeed. This corrected impact

velocity falls within the range of natural raindrop speeds57 while providing drops that can

be aimed at levitating samaras. We plot non-dimensional length S/D to mass m/md for

samaras and similarly sized flyers from literature58 in Fig.2.4c, by fixing md = 32 mg,

U = 500 cm/s, and D = 3.88 mm. The boundaries between splashing, coating, and pushing

impacts are provided by Dickerson et al(2014)55. In a pushing impact, the drop and object

move together, while in a splashing impact, the drop separates upon contact with the object.

In a coating impact, the drop primarily covers a portion or the entirety of the object’s surface.

The model predicts that samaras in this study are more likely to fragment raindrops than

to leave them intact. The boundaries between impact regimes assume impacts such that

the center of gravity of the drop and target are aligned. Misalignment between the center

of gravity of the drop and the samara promotes a“pushing” interaction by lengthening the

timescale of the initial collision and reducing the force imparted to the drop. Of course, a

myriad of different impact behaviors manifests for plant material59–61 and insects62 not in

flight.

Crosswind effects on samara flight

Wind, often regarded as a nuisance on an otherwise pleasant day, offers a vital dispersal

mechanism for seeds adapted to aerial transport. Morphological structures such as wings,

plumes, or membranes allow seeds to harness aerodynamic forces, slowing their descent and

increasing horizontal displacement through the atmosphere63,64. The extent of dispersal is

governed by a falling time and the rate of lateral transport. In particular, turbulent updrafts

and shear layers in the canopy can significantly enhance vertical lift and transport poten-
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Figure 1.3: Image sequence of a A. ginnala impacted by a simulated raindrop, lasting 45 ms.
Raindrops momentarily disrupt stable autorotation, which is recovered after the samara separates
from the drop.

tial9,65. Exposure to crosswinds further modifies seed trajectories, with outcomes ranging

from destabilization to enhanced lift, depending on the geometry of the seed and its mode

of descent37,66.

Among wind-dispersed seeds, samaras represent a class of diaspores that achieve extended

aerial times through autorotation. Characterized by a single-winged structure extending

from the seed, samaras passively generate lift by precessing as they fall. Autorotational

motion stabilizes descent and reduces terminal velocity by converting vertical motion into

rotational kinetic energy, allowing the seed to glide away from the parent plant. The aerody-

namic behavior of samaras depends strongly on their geometry, including wing shape, wing

curvature, mass distribution, and angle of attack during descent67,68. While most studies

have focused on autorotating Acer samaras, which exhibit a stable helical descent, some

species employ a rolling mode of descent, spinning along their spanwise axis while also pre-

cessing like a helicopter blade. Such rolling dynamics may offer aerodynamic advantages in

turbulent or crosswind conditions by stabilizing orientation, sustaining lift under fluctuating

flow, and exploiting lateral gusts to enhance dispersal range, highlighting their potential role

as an adaptive strategy warranting further investigation.
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Figure 1.4: Time-resolved image sequences showing descent trajectories of F. Americana samaras
under increasing crosswind speed. Each trace captures a stacked sequence of images extracted from
high-speed video at 0.001-ms time intervals, illustrating spanwise rotation, precession, and lateral
drift. From left to right: U = 0, 1, 3, 5 m/s.

Prior studies on Acer samaras show how crosswind exposure influences descent dynam-

ics37,67. When subjected to concentrated lateral gusts, autorotating samaras exhibit one

of two characteristic behaviors. In the dropout mode14, the seed ceases rotation and de-

scends rapidly. In floating mode14 autorotation continues during lateral displacement. The

expression of each mode is predicted by the dimensionless ratio of crosswind speed to the

rotational tip velocity of the samara. Kinematic tracking shows that stall events are often

marked by a sudden cessation of rotation, occasionally followed by a reversal in rotation

direction14. In the face of disturbances, Acer samaras are very capable of quickly recovering

autorotation14,15,37,67.

In contrast to Acer samaras, rolling samaras descend while spinning rapidly about their

spanwise axis, generating lift through periodic fluctuations in angle of attack as broad wing
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surfaces cyclically encounter the oncoming airflow33,69. Like Acer samaras, rolling samaras

descend on a helical path but exhibit more complex dynamics; their tips exhibit small-

amplitude oscillations superimposed on their dominant precession69. Lift arises from a com-

bination of asymmetric flow separation and rotationally induced pressure gradients, consis-

tent with mechanisms identified for unsteady falling and rotating plates35,70. Despite exten-

sive study of autorotating samaras, responses of rolling samaras to lateral wind disturbances

remain underexplored. Rolling introduces a second rotational axis and engages with cross-

flow in ways distinct from autorotating counterparts33, as shown in Fig.1.4 Understanding

behavior in crosswind is essential for a broader aerodynamic framework for seed dispersal

and may reveal strategies for passive stability and drift across canopy environments9,66.

Continuous spiral tumbling in falling paper and rolling samaras

Seed dispersal in plants relies on passive aerodynamic mechanisms that prolong time aloft

and enhance transport distances9,71,72. Winged seeds exploit autorotation to generate lift

with minimal energetic input, achieving efficient and stable descent73. Classical work on

wind-dispersed diaspores distinguishes parachuting by pappi from winged-seed modes of

gliding, rocking, and autorotation, with planform and center-of-gravity location strongly

shaping both mode and descent rate74.

Maple samaras (Acer spp.) provide a canonical example of single-axis helical autorotation

with a relatively steady angle of attack73. Other species, including ash (Fraxinus spp.) and

tulip poplar (Liriodendron tulipifera), display a dual-axis descent that combines spanwise

rolling with azimuthal precession, forming a coupled helical path known as continuous spiral

tumbling33,41. Variation in wing thickness and aspect ratio produces repeatable differences

in the size and tightness of the helical path, while maintaining consistent descent periodicity

and directional stability as shown in Fig.1.5. The same coupled motion occurs across a

range of plate geometries that mimic samara morphology, revealing a shared aerodynamic

mechanism that links natural and synthetic flyers24,41.

Connections between samaras and freely falling plates motivate the use of simplified ana-

logues. At intermediate Reynolds numbers, falling plates organize into regimes of steady

descent, flutter, tumble, autorotation, and mixed motion, which are largely determined by

the Reynolds number Re and a dimensionless moment of inertia I∗ 35,75–77. Experiments

by Varshney et al.24 demonstrated that thin parallelogram plates naturally enter a helical

descent mode that couples tumbling and precession through aerodynamic torque balance.

The motion persists across aspect ratios and densities, suggesting that aerodynamic lift is

sustained through coupled rotation and translation rather than through instantaneous angle

of attack. The robustness of the cone angle and helical geometry highlight the stability of

9



continuous spiral tumbling as a self-organized aerodynamic state.

The role of mass distribution adds an additional layer of control to these dynamics. Shift-

ing the center of mass along the chord modifies flight behavior across a continuum from

fluttering and tumbling to gliding and diving78. Quasi-steady modeling and experiments by

Li et al.78 show that changes in center-of-mass position alter aerodynamic torque balance and

stability through modified pitch and moment coupling, creating transitions between steady

and unsteady descent. Subtle morphological adjustments therefore reorganize flow structure

and stability through coupled force and torque interactions.

The present study employs flat parallelogram plates as controlled analogues for rolling

samaras to identify the aerodynamic principles that govern continuous spiral tumbling. By

systematically varying aspect ratio, thickness, and geometric scale, the resulting trajectories

are mapped within dimensionless regimes, and the corresponding descent velocity, coning

angle, rolling and precessional frequencies, and precessional radius are quantified. The anal-

ysis extends biological observations of rolling samaras to engineered analogues, providing a

unified aerodynamic and geometric framework for understanding the stability and structure

of helical descent Fig.1.5.

1.3 Research Problem and Contributions

The aerodynamic performance of samaras has long fascinated biologists and engineers, yet

key questions remain unanswered regarding the diversity of mechanisms that enable passive

stability and dispersal. Maple (Acer) samaras are well known for their robust autorotation,

but rolling samaras from ash and poplar species employ a more complex coupled motion

of rolling and precession that remains poorly understood. Furthermore, both rolling and

autorotating samaras encounter natural perturbations such as gusts and raindrops, yet the

mechanisms of resilience and recovery have not been fully characterized. Addressing these

gaps requires a systematic experimental framework that spans species, flight modes, and

disturbance conditions.

The originality of this work lies in combining detailed morphological characterization with

dynamic flight measurements across both autorotating and rolling samaras, while explicitly

testing their robustness to environmental perturbations. For maple samaras, we measure the

morphological and dynamic characteristics of eight species, quantify descent velocities and

angular kinematics, and apply a classical aerodynamic drag model to demonstrate a unified

scaling framework. For rolling samaras, we extend high-speed three-dimensional tracking to

resolve trajectories, rolling and precessional velocities, and periodic modulation of angle of

attack, uncovering wing thickness as a critical morphological driver of descent velocity.
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Figure 1.5: Representative helical centerlines of falling plates and a natural samara arranged by
aspect ratio (AR) and thickness b in millimeters. Labels above each column give AR and b. Larger
b or lower AR produce tighter, wider sweeps, whereas thinner sheets or higher AR yield looser
trajectories. The F. americana panel provides a natural reference.

Beyond baseline kinematics, the study advances originality by introducing controlled per-

turbations. Autorotating samaras are subjected to added mass, wing ablation, and raindrop

impacts to test the limits of their aerodynamic resilience, revealing compensatory mecha-

nisms in rotation rate and coning angle that restore stable descent. Rolling samaras are

released in crosswinds and tracked at U = 1, 3, 5 m s−1, producing new insights into how

lateral gusts alter trajectories, transport distances, and drag characteristics. Together, these

approaches provide the first systematic comparison of resilience between autorotating and

rolling samaras under both morphological and dynamic perturbations.

The central problem addressed in this dissertation is how morphology and unsteady aero-

dynamics govern the stability and dispersal performance of samaras under natural perturba-

tions. Key questions include: (i) How do morphological traits such as span, chord, thickness,

and nutlet mass regulate descent velocity and rotational dynamics? (ii) What aerodynamic

mechanisms underlie the coupled rolling-precessional motion of ash and poplar samaras?
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(iii) To what extent do samaras tolerate perturbations such as mass addition, wing damage,

raindrop collisions, or lateral crosswinds, and by what mechanisms do they recover? By

resolving these questions, the dissertation advances both ecological understanding of seed

dispersal and the development of bio-inspired aerial systems that leverage passive stability.

1.4 Overview

Understanding the flight of wind-dispersed seeds offers both ecological and engineering value.

Samaras, the winged seeds of maple, ash, and poplar, achieve remarkable stability and range

without active control, relying solely on passive aerodynamic mechanisms. The success of

these seeds raises broad questions about how morphology and motion interact to produce

robust dispersal across varied environments.

The study is undertaken to explore how samaras maintain effective flight when subjected

to natural perturbations such as crosswinds, turbulence, or raindrop impacts. Particular

attention is given to differences between maple samaras, which descend through autorotation,

and rolling samaras, which couple rolling and precession in dual-axis motion. By examining

both morphological variation and environmental disturbance, the work seeks to identify the

governing principles that enable resilience and efficiency in passive dispersal.

At a broader level, the questions addressed include: How do differences in geometry shape

stability and performance? What mechanisms allow recovery when flight is disrupted? And

in what ways can these natural solutions inform models of seed dispersal and inspire bio-

inspired aerial technologies? The chapters that follow address these questions through a

combination of experiments, analysis, and scaling frameworks.

12



Chapter 2

Methods

2.1 Dynamic Measurements and Filming

2.1.1 2D Vertical Wind-Tunnel Measurements

A schematic of our experimental flight setup is shown in Fig.2.2c. Two wind tunnels were

constructed specifically for studying samara flight, with dimensions of 15 × 15 cm and 20

× 20 cm. The construction of two tunnels is essential to provide sufficient room for the

larger seeds to fly without encountering the boundaries of the smaller tunnel. The larger

wind tunnel accommodated Acer Macrophyllum and Acer Negundo specimens, in addition to

accommodating samaras with added mass and reduced area. A 20.3-cm inline duct fan pushes

air into the bottom of the tunnel by way of a flexible duct and through 2.5 cm of aramid

honeycomb with a 3.2-mm cell diameter that laminarizes flow79. Fan speed is controlled by

an ITECH IT-M7721 AC power supply. Wind speed Vd is measured by a Koselig KI-10001

anemometer with 0.01-m/s precision. A Photron NOVA S6 camera captures samara hovering

at 2000 fps.

Samaras are released into wind tunnels by hand. Wind speed is adjusted to facilitate stable

hovering such that samaras do not ascend or descend > 1 cm per 7 revolutions. The coning

angle is determined by averaging three angle measurements taken during seven complete

rotations. Angular velocity is determined by measuring the time taken for the samara seed

to complete one rotation, and another, after seven subsequent rotations.

2.1.2 3D Multi-Camera Free-Fall Measurements

Samaras from three species—Fraxinus (F.) americana L., F. excelsior L., and Liriodendron

(L.) tulipifera L.—are collected in Knoxville, TN, after natural dispersal. Only visually

undamaged samaras are selected for measurement and experimentation. Representative

examples of each test species are pictured in Fig.2.1a.

Samara mass m is measured using a Sartorius Secura 225D–1S analytical balance with a

resolution of 0.0001 g before flight trials. Samara area A, span S, and chord c are measured

from still images as described in Schaeffer et al(2024)11. Thickness T is measured at the

point of maximum chord using a Mitutoyo caliper with 0.01 mm resolution.

Kinematic tracking of falling samaras is conducted using four high-speed video cameras, as

13



y
x

z

a b

cVD

𝜔𝑝

𝜔𝑟

θ

F. excelsior F. americanaL. tulipifera

F. excelsior

L. tulipifera

F. americana

d

T

T

T

𝑉

റ𝐶

COR

Figure 2.1: Overview of samara species and experimental setup. (a) Representative samaras
from the three focal species: F. Americana, F. excelsior, and L. tulipifera. Black dots represent
the approximate center-of-rotation. (b) Experimental setup for high-speed video tracking of falling
samaras using four synchronized cameras. (c) Kinematic and dynamic flight variables analyzed in
this study, including rotational velocity ω, coning angle θ, rolling velocity ϕ, and descent velocity
Vd. (d) Cross-sectional views of samara seeds illustrating variations in thickness b.

illustrated in Fig.2.1b. The analysis of the video recordings was performed using DLTdv80.

The extracted three-dimensional (3D) position data is used to compute kinematic parame-

ters, including rotational velocity ωp, coning angle θ, rolling velocity ωr, and descent velocity

Vd, using MATLAB. The measured values are summarized in Fig.2.1c.

To assess the impact of initial orientation on flight dynamics, samaras are held manually

at specified orientations before being released into a wind tunnel, described in Schaeffer et

al(2025)15. Airflow is adjusted to match stable levitation velocity, allowing for a controlled

comparison of automation initiation times and trajectories.

2.1.3 Statistical Analysis

We employ the MATLAB box chart tool to visualize the experimental data distributions,

including the minimum, maximum, average, and first and third quartiles. These values were
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Figure 2.2: (a) Schematic of samara in flight with coning angle θ and angular velocity ω la-
beled.(b) Visual representation of area A, span S, and chord c taken from image analysis. (c)
Experimental setup.

presented in the colored boxes of Fig.3.2 and Fig.3.4. All wind tunnel trials are comprised

of three replicates. All reported averages in tables and plots derived from wind tunnel

experiments have standard deviations smaller than the marker size.

2.2 Falling Paper as Spiral Continuous Tumbling

All experiments were performed in still air within a closed laboratory to eliminate environ-

mental disturbances. Flat, parallelogram-shaped cards were fabricated from white cardstock,

with no internal angle between adjacent edges. Each plate had a defined span S, chord c,

and thickness b. The cards were released with their spanwise edge oriented horizontally and

dropped from a height of 2.5 m. Only trials exhibiting continuous spiral tumbling, char-

acterized by stable periodic rolling and precession without chaotic or planar flutter, were

retained for analysis.

Three geometric parameters were systematically varied, including aspect ratio λ = S/c,

scale, and thickness. Aspect ratio values ranged from λ = 1, 2, 4, 7, and 10. Scale corre-

sponded to proportional enlargement of all dimensions, with characteristic chord lengths of

c = 0.020, 0.028, 0.040, 0.056, and 0.080 m for scales 1 through 5. Three plate thicknesses

were tested, with b = 0.10, 0.20, and 0.36 mm, representing increasing paper density and

stiffness. In total, 75 unique geometric configurations were fabricated and analyzed.

Motion was recorded using a high-speed camera operating at 240 frames per second, cap-

turing the side view of each falling plate, as illustrated in Fig.2.3a. Four tracking markers

were placed on each card, with two positioned at the endpoints of the span S and two po-
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Figure 2.3: Schematic of the rolling–precessional descent mode. (a) Side view of a representative
trajectory showing helical descent with vertical velocity Vd. (b) Top view illustrating precessional
radius Rp and azimuthal rotation. (c) Definition of measured quantities: coning angle θ, preces-
sional velocity ωp, and rolling velocity ωr. Span S and chord c define the geometry of the plate.

sitioned at the endpoints of the chord c. The tracked points were used to reconstruct both

translational and rotational kinematics through custom MATLAB scripts.

From the tracked trajectories, we compute five key dynamic quantities: descent velocity

Vd, coning angle θ, precessional velocity ωp, rolling velocity ωr, and precessional radius rp.

The precessional radius is defined as the mean lateral offset of the centroid of the plate

relative to the vertical axis, shown in Fig.2.3b. The coning angle θ, rolling velocity ωr, and

precessional velocity ωp were extracted from angular relationships between spanwise and

chordwise markers, as depicted in Fig.2.3c.

2.3 Raindrop Impact Experiments

Samaras from three Acer species—A. ginnala Maxim., A. floridanum Chapm., and A. ne-

gundo L.—were collected underneath trees in Knoxville, TN, post-natural dispersal. Only

visually undamaged samaras were selected for measurement and experimentation. Represen-

tative examples of each test species are pictured in Fig.2.4c. Samara mass ms is measured

using a Sartorius Secura 225D–1S analytical balance with 0.0001-g resolution before flight

trials. Samara area A and span S, are measured from still images11. Advancing contact

angles are measured by growing a drop on the samara wing and optically measuring the
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angle with Tracker. Measurements across multiple regions of the wing revealed an isotropic,

average contact angle of 115 ± 3◦.

A vertical wind tunnel with a transparent test section 50-cm tall and 15×15 cm in cross-

section allows for stable levitation of samaras in laboratory coordinate y, and is illustrated

in Fig.2.4a. Airflow is generated by a 20-cm inline duct fan, controlled by an ITECH IT-

M7721 AC power supply, passing through an aramid honeycomb to ensure laminar flow.

Wind speed is measured with a Koselig KI-10001 anemometer with 1-cm/s precision. Two

high-speed Photron NOVA S6 cameras, operating at 1000 fps and 90◦ opposed, capture

samara position. Samaras are released into the wind tunnel by hand; wind speed is adjusted

to facilitate stable hovering such that samaras ascend or descend < 1 cm per 7 revolutions.

A needle with an outer diameter of 1.5 mm releases drops above autorotating samaras. The

coning angle (θ) is measured continuously by aggregating both camera views using DLTdv80.

A. Ginnala A. Floridanum A. Negundo

a

ሶ𝑦m

Vd

a b

𝜔

𝜃Camera

Fan

Laminizer

y
x

z

L

U

Push

Splash

Coat

c
Figure 2.4: (a) Vertical wind tunnel. (b) Schematic of dynamic variables pertinent to impact.
(c) The relationship between length ratio S/D and mass ratio m/md of insects58 (green) and the
samaras in this study. Boundaries between impact modes are drawn from theory55.

2.4 Crosswind Jet Experiments

Samaras from three rolling species and one Acer species—Fraxinus americana, Fraxinus

excelsior, Liriodendron tulipifera, and A. ginnala—are collected in Knoxville, TN following

natural dispersal. Only undamaged specimens, as determined by visual inspection, are

selected for measurement and testing. Samara mass m is measured using a Sartorius Secura
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Figure 2.5: Schematic of the experimental setup used to study samara descent under crosswind.
The setup includes a lateral wind tunnel with a laminizer to produce a steady crossflow, high-speed
cameras to track the motion of samaras, and a clearly defined coordinate system with the z-axis
aligned with gravity. Viewing areas are arranged to capture both lateral and vertical components
of motion.

225D–1S analytical balance with a resolution of 0.0001 g prior to flight trials. Planform

area A , span S, and chord length c are obtained from high-resolution still images following

methods described in Schaeffer et al.11. Thickness b is measured at the location of greatest

chord length using a Mitutoyo digital caliper (0.01 mm resolution).

Lateral crosswinds are created by the issuance of a free jet from a 10 cm × 10 cm acrylic

channel. Air enters the channel through a honeycomb laminarizer, 1.27-cm thick and with

0.32-cm cells. Crosswind speed is controlled by a ITECH IT-M7721 AC power supply pow-

ering a 20-cm inline duct fan.

Fifteen samaras—five from each species—are tested. Each specimen is released in still

air from approximately 0.5 m above the acrylic channel. Three wind speeds are tested:

1 m/s, 3 m/s, and 5 m/s. For each specimen, three trials are conducted per speed setting.

The full test volume has a height of approximately 2 m, with a ∼0.5 m drop height before

crosswind entry and approximately 1.4 m for post-crosswind recovery. All samaras recovered

autorotation and vertical descent within this recovery distance.

Flights are filmed with two cameras. A Photon Nova S6 high-speed camera at 1000 fps

18



is positioned perpendicular to the acrylic channel to capture high-resolution motion of the

samara before, during, and after entry into the crosswind jet. A secondary camera, an iPhone

operating in 240 fps slo-mo mode, recorded the full descent trajectory from release to final

recovery beyond the viewing window of the Nova S6. While lower in frame rate, this camera

provides a view of the complete flight path. Videos are analyzed in MATLAB.
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Chapter 3

Kinematics and Morphological Scaling Relationships

3.1 Maple samara flight is united by a classic drag

model

Maple samaras exhibit remarkable aerodynamic consistency despite substantial variation in

shape and scale. Stable autorotation, steady descent, and comparable terminal velocities are

observed across species. While many models have been proposed to explain samara descent, a

unifying framework has remained difficult to establish due to the complex coupling between

lift, drag, rotation, and morphology. The following chapter evaluates whether a classical

drag-based force balance can describe the descent behavior of maple samaras. Dynamic

and morphological data from nine species are used to examine how descent velocity scales

with wing loading and projected area. A single effective drag term, combining both form

drag and lift, emerges as a powerful predictor of flight performance. The model reveals

strong interspecific agreement, while also identifying species with unexpectedly high or low

aerodynamic resistance relative to their mass. Those deviations, not evident from dynamic

variables alone, become clear when samaras are treated as falling blunt bodies governed by

simple aerodynamic scaling.

3.1.1 Aerodynamic drag unifies maple samara species

We begin exploring the slow descent of samaras by filming hovering, stably autorotating

samples in a wind tunnel, and measuring the dynamic quantities recorded in Fig.3.2. We

find our samaras have an average terminal velocity Vd = 0.83±0.08 m/s, values which appear

to have no apparent correlation with coning angle θ = 117.8 ± 29.1◦, or angular velocity

ω = 18.8± 4.6 [rad/s] (see Fig.A.2). The angle of attack varies by wing location and thus

is tabulated at 0.75S from the nutlet tip such that ϕ = arctan(Vd/0.75Sω) = 42.5 ± 3.2◦,

and is nicely schematized by Lentink et al. (2009)81. Included as supplementary plots in

Fig.A.2-Fig.A.4, our exploration of isolated dynamic variable relationships did not reveal

any notable correlations. Instead, considering dynamic variables in functional groups is more

fruitful.

At its core, the idea of ‘wing loading’ as plotted in Fig.3.1 is an expression of aerodynamic

drag by considering the samara a free-falling blunt body. In fact, the form drag and lift
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generated by an autorotating samara act against the direction of motion. We, therefore,

lump the two effects into a simple force FD = ρV 2
dA cos θ. From a vertical force balance, one

would expect

mg ∼ 1

2
CDρV

2
dA cos θ, (3.1)

where g = 9.81 m/s2 is the acceleration due to gravity, CD is a drag coefficient, ρ = 1.23

g/cm3 is the air density, and A cos θ is the projected area of the seed in the direction of

motion (Fig.2.1c). This approach is similar to the descent factor proposed by Lentink et

al. (2009)81. We plot ρV 2
dA cos θ versus seed weight mg for all tested samaras in Fig.3.3a.

Each data point in Fig.3.3 is comprised of three replicates. The slope of the line of best fit in

Fig.3.3a, with a correlation coefficient R2 = 0.72, indicates CD = 5.99 across all test species.

A unifying drag coefficient allows for the comparison of individual seed performance to the

bulk and lumping dynamic variables as done in Fig.3.3a supplies a superior correlation

between descent and weight than the wing loading of Fig.3.1 (R2 = 0.35). Lentink et

al. (2009)81 also combined the drag and lift forces in the vertical direction through a descent

factor. Here, we add the coning angle θ which incorporates the effective lift force in the

vertical direction. This important distinction will be shown in Section 4.1.2 to scale all

samaras better as it connects the lift force to ω, Vd, and mg.

Emerging from the drag plot of Fig.3.3a are two species that notably depart from the

a b

Figure 3.1: Relation between descent velocity Vd and wing loading mg/A from (a) this study,
and (b) previous studies [Azuma and Yasuda (1989)31, Green (1980)27, Guries et al(1984)8] with
matched axis scales for comparison. Points in (b) with error bars are averages of species taken in
this study. Error bars represent one standard deviation.
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buergerianum
rubrum
ginnala
floridanum
saccharum
campestre
negundo
macrophyllum

Species    Vd [m/s] θ [deg] ω [rad/s] [deg]

A. buergerianum 0.77 ± 0.05 20 ± 3 122.3 ± 15.1 42.4 ± 3.3

A. rubrum 0.86 ± 0.04 15 ± 4 136.0 ± 24.1 40.3 ± 1.2

A. ginnala 0.76 ± 0.03 28 ± 6 137.6 ± 23.7 39.9 ± 3.2 

A. floridanum 0.74 ± 0.03 28 ± 6 97.9 ± 15.6 45.8 ± 1.6

A. saccharum 0.90 ± 0.07 14 ± 2 154.1 ± 16.9 43.9 ± 2.0

A. campestre 0.86 ± 0.06 16 ± 3 117.6 ± 16.6 38.7 ± 2.6

A. negundo 0.84 ± 0.05 20 ± 4 81.8 ± 17.4 46.4 ± 1.2

A. macrophyllum 0.94 ± 0.03 17 ± 4 95.2 ± 9.9 42.7 ± 2.3

b

c

a

buergerianum
rubrum
ginnala
floridanum
saccharum
campestre
negundo
macrophyllum

ᶲ

d

Figure 3.2: Dynamic measurements of test species: (a) descent velocity Vd, (b) angular velocity ω,
and (c) coning angle θ. The table contains dynamic measurement averages and standard deviations.
N = 20 for each species.
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trend line. A. Negundo samaras have greater drag than might be expected for their weight,

a possible consequence of mass distribution across a long, flat body (Fig.1.1). We deem

A. Negundo samaras to be ‘underweighted’ in this context. A. Saccharum samaras fall

more quickly than expected for their weight, or are ‘overweighted’, a likely consequence of

their bulbous seed mass (Fig.1.1). The concepts of over- and underweighted do not mate-

rialize from tabulated dynamic measurements (Fig.3.2), but do from simple morphological

measurements presented in Section 3.2.

The consideration of samaras as falling blunt bodies fails to capture the rotational dynam-

ics occurring in the plane normal to descent. The autorotation of samaras is a direct result

of the air momentum passing over the wings13, to produce a centrifugal force about the

samara centroid. Such rotation increases the aforementioned CD, thus slowing the samara

Vd. Therefore, the expected relation between descent and rotation is not abundantly clear82,

and samara rotation is underexplored in literature. Previous studies13,31 analyzed rotational

velocity within species, but lacked correlations across different species. We explore descent

and rotation by plotting their respective associated forces in Fig.3.3b. It should be noted

that we do not expect the relation between drag force and centrifugal force to be linear, but

the slope of the line of best fit, 5.3 × 10−3 (R2 = 0.58), in Fig.3.3b provides a metric to

compare the magnitude of the forces acting on the samara centroid. Centrifugal forces dom-

inate those acting at the centroid. Underweighted seeds convert relatively less momentum

from the passing air to angular momentum than overweighted seeds.

a b
CD=5.99, R2 = 0.72 Linear Fit, R2 = 0.58

A. buergerianum 
A. campestre

A. floridanum 
A. ginnala

A. macrophyllum 
A. negundo

A. rubrum 
A. saccharum

Figure 3.3: Salient forces acting on centroid during descent. (a) Drag force to samara weight mg
and (b) drag force to centrifugal force.
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Species    S [cm] c [cm] A [cm2] m [mg]
A. buergerianum 2.33 ± 0.19 0.67 ± 0.05 1.04 ± 0.11 11.7 ± 1.3
A. rubrum 2.35 ± 0.18 0.66 ± 0.06 1.03 ± 0.14 13.3 ± 2.5
A. ginnala 2.44 ± 0.40 0.81 ± 0.20 1.32 ± 0.50 17.9 ± 9.2
A. floridanum 2.57 ± 0.27 0.87 ± 0.11 1.65 ± 0.26 29.0 ± 7.0
A. saccharum 3.12 ± 0.23 1.07 ± 0.10 2.16 ± 0.22 89.1 ± 21.6
A. campestre 3.42 ± 0.20 0.88 ± 0.08 1.84 ± 0.22 35.9 ± 8.8
A. negundo 4.41 ± 0.34 1.27 ± 0.16 3.42 ± 0.55 46.2 ± 9.2
A. macrophyllum 5.47 ± 0.35 1.35 ± 0.13 4.64 ± 0.67 145.6 ± 34.8

a b

c d

buergerianum
rubrum
ginnala
floridanum
saccharum
campestre
negundo
macrophyllum

buergerianum
rubrum
ginnala
floridanum
saccharum
campestre
negundo
macrophyllum

Figure 3.4: Morphological measurements for tests species: (a) span S, (b) chord c, (c) area A,
and (d) mass m. The table values are averages and standard deviations. N = 20 for each species.

3.2 Samara morphology distinguishes species

In this section, we explore the drag and centrifugal force trends described in Section 3.1.1

by considering simple morphological measurements and their respective relationships.

3.2.1 Samara morphology is diverse

It is a wonder that samaras within and across species descend with such similar speeds

despite their large variation in shape, scale, and proportion (Fig.1.1). Such a variation

likely contributes to researchers’ struggle to succinctly characterize samara mechanics. Our

specimens range in mass m = 6.3 − 19.1 mg, span S = 17.2 − 60.6 mm, and area A =
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0.53 − 5.72 cm2, as recorded in Fig.3.4. A. saccharum and A. buergerianum possesses

sizeable, quasi-spherical nutlets, whereas A. negundo and A. campestre are equipped with

elongated, flat nutlets. A. macrophyllum showcases trichomes adorning the nutlet area, while

A. ginnala nutlets culminate in a distinct, sharp, flat edge. Samara wings likewise have broad

variations in both aspect ratios, curvature, and texture. We measure the chord-span ratios

of the triangular wings of A. ginnala and the rectangular wings of A. floridanum to be 0.33

and 0.34 respectively. By comparison, the slender wings of A. campestre have a chord-span

ratio of 0.25. Wing proportions govern lift production and the mass moment of inertia, and

will have an influence on agility82–84.

We arrange the order of species in Fig.3.4 according to Fig.1.1, that of increasing span.

Intraspecific variability is rampant in Acer samaras can be attributed to genetic diversity,

environmental influences, selective pressures acting on populations, or the position of the seed

within the tree canopy85–88. Notable intraspecific variation includes the chord and span of

A. Ginnala with the smallest measured specimen achieving 41% the chord and 58% the span

of the largest A. Ginnala specimen, as shown in Fig.3.4a,b, respectively. A. Macrophyllum

has the largest intraspecific variation in mass, with the smallest specimen weighing just

48% that of the largest, as shown in Fig.3.4d. While tabulated values of morphological

measurements are useful for assessing variation, the relation between physical dimensions is

difficult to ascertain.

3.2.2 Samaras are two-dimensionally allometric

Within and across allometric species A ∼ L2 and m ∼ L3, where L is some characteristic

length. Here we take the characteristic length of a samara to be its span S and likewise

assume the other dominant length c ∼ S. In this scenario, the chord is an alternative

characteristic length scale. To satisfy allometry, it thus follows that

A ∼ m2/3 ∼ S2 ∼ c2 ∼ cS. (3.2)

We explore the allometric predictions in Eq. (3.2) in Fig.3.5, and report our results in turn.

We plot A versus m with a best-fit power law in Fig.3.5a. The allometric prediction yields

a correlation coefficient R2 = 0.69. A best fit scaling for all our specimens, A ∼ m0.52,

R2 = 0.73, a significant departure from Eq. (3.2). However, if we had not included A. Ne-

gundo and A. Saccharum in our study, our best fit would yield A ∼ m0.57. The origins of

the underweighted (A. Negundo) and overweighted (A. Saccharum) species become appar-

ent from Fig.3.5a, a classification that is difficult to ascertain from traditional treatment

by wing loading of samaras (Fig.3.1). The mass-to-area ratios of Fig.3.5a suggest that
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c d

b

Best Fit,  R2 = 0.73
  A~m2/3, R2 = 0.69

Best Fit,  R2 = 0.95
  A~S2, R2 = 0.91

Best Fit,  R2 = 0.95
  A~c2, R2 = 0.91

Best Fit,  R2 = 0.99
  A~cS, R2 = 0.98

A. buergerianum
A. campestre

A. floridanum
A. ginnala

A. macrophyllum
A. negundo

A. rubrum
A. saccharum

Figure 3.5: Allometric relations: (a) area A vs mass m, (b) A vs the square of span S2, (c) A
vs the square of chord c2, and (d) A vs cS.
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A. Saccharum samaras are naturally closer to the limit of mass they can support than are

A. Negundo samaras, a hypothesis we test in Section 4.1.

Deviation from interspecific allometric predictions by A. Negundo and A. Saccharum ap-

pears to be caused only by nutlet mass. Otherwise, all our tested species are wonderfully

allometric. We plot A versus S in Fig.3.5b, yielding a best-fit scaling of A ∼ S1.63, ac-

companied by a correlation coefficient of R2 = 0.95 and a modest improvement over the

predicted scaling correlation coefficient, R2 = 0.91. The plot of A versus S supports span

as an appropriate characteristic length scale. However, the best-fit power law of A ∼ c1.99,

R2 = 0.95 is remarkably close to Eq. (3.2), and is plotted in 3.5c. The allometric prediction

yields a correlation coefficient of R2 = 0.91. Chord is thus the single best length to charac-

terize samara size. Lastly, the plot of A against cS exhibits a best-fit scaling of A ∼ cS0.94,

yielding an exceptional correlation coefficient of R2 = 0.99 3.5d. While the A versus m plots

distinctly differentiate between overweighted and underweighted seeds, the other allometric

plots fail to showcase these distinctions explicitly. Within these plots, both Acer Saccharum

and Acer Negundo demonstrate geometric correlations that align with allometric predictions.

While samaras do exhibit allometric relationships, deviations and interspecific variations

in these relationships highlight the robustness, or perhaps lack of fine-tuning in their adapta-

tions. Deviations from allometric predictions, particularly stemming from the mass-to-area

relationship as illustrated in Fig.3.5a, underscore the uniqueness of each species’ evolution-

ary trajectory. Key questions arise: How do external alterations in mass and area provided by

environmental challenges influence individual seeds and their aerodynamic behavior? Does

a simple drag model capture the behavior of modified samaras?

3.3 Precession and morphology of rolling samaras

We examine the morphology and descent kinematics of 30 rolling samaras, 10 each from

three species: F. americana, F. excelsior, and L. tulipifera, with 3 replicate flights of each

specimen. The samaras of this study roll about their span axis as they helically process

downward. Such a precession is very similar to that of non-rolling samaras11. When released,

samaras begin to roll before the onset of precession. The stochastic roll direction sets the

direction of precession, clockwise or counterclockwise. Our tulip and ash samaras always roll

such that the bottom chordal edge rolls forward, similar to a fluttering, translating plate38,

as schematized in Fig.2.1c.
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Table 3.1: Summary of rolling samara kinematics and morphology. Each species includes N = 10
individuals, for a total of 30 samples. The final row reports mean values across all species.

Species b (mm) m (mg) A (cm²) Vd (cm/s) ωr (rad/s) ωp (rad/s)

F.americana 0.50± 0.02 39± 3 1.9± 0.1 131± 9 443± 60 80± 7

F.excelsior 0.41± 0.02 60± 10 1.8± 0.1 191± 21 618± 77 119± 13

L.tulipifera 0.46± 0.02 47± 5 2.1± 0.2 148± 15 504± 66 94± 17

Mean 0.46± 0.03 50.4± 8.5 1.88± 0.21 158± 23 521± 96 97± 18

3.3.1 Samaras roll without wobble

To characterize descent behavior, we track the positions of four key points on rolling samaras:

the seed tip, wingtip, left chordal edge, and right chordal edge. The 3D trajectories of

representative samaras from each species are shown in Fig.3.6a. Once initiated, the rolling

direction dictates the direction of precession. The roll propels the samara forward38, but

the seed is more massive and generates less propulsive force than the wing. The result is

a circular rotation rather than the linear translation exhibited by symmetric plates. When

the seed is removed, rolling and precession still occur, but the radius of precession increases,

indicating that the center of aerodynamic rotation shifts further outward in the absence of

the mass asymmetry. Findings from maple seed analog models similarly show that minor

shifts in mass distribution can dramatically alter the descent trajectory from circular to

compound paths89.

Despite qualitatively similar descent dynamics across our three test species, morphological

variation is stark. The heaviest species we test has the smallest wing area. Plan and side

view photos are shown in Fig.2.1a while mass and area measurements are tabulated in

Table 3.1. Broad morphological variation drives significant differences in descent velocity

Vd, precession angular velocity ωp, and rolling angular velocity ωr, tabulated in Table 3.1.

Rolling and precession angular velocities are tightly coupled, however, with an average across

all trials of 5.2± 1.1 rad/s, number of trials N = 90.

Tabular values can be compared graphically by temporal representations of position. We

plot lateral displacement of the tracked points in x versus time as shown in Fig.3.6b. The

amplitude and frequency of oscillations in x are influenced by the span of the samara, with

the relative rapidity in the rotation of F. excelsior being cursorily explained by its stubbiness

compared to the other two species. Lateral displacement of the seed tip indicates a center-

of-rotation (COR) located closer to the wingtip. We estimate COR locations from videos

and provide labels in Fig.2.1a. Among the studied species, the COR in F. americana is

located nearer mid-span, while F. excelsior and L. tulipifera have a COR is closer to the
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F. excelsiorF. americana L. tulipifera
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b
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Figure 3.6: Kinematic and dynamic behavior of rolling samaras. (a) x− y-projections of helical
descents, tracking the seed, wingtip, and chordal edges. (b) Temporal x-projections of descent
show graphical comparisons of COR and rolls per precession cycle. (c) Temporal y-projections
of descent show smooth tracks of seed and wingtip. (d) Representative orientations of a rolling
samara showing positive +α and negative −α.

seed.

We plot the temporal vertical displacement of the seed, wingtip, and chordal edges for

three representative cases in Fig.3.6c. The seed follows a relatively smooth vertical tra-

jectory, as its higher mass concentration attenuates local oscillations, maintaining a smooth

helical path24,25. A subtle shift in the coning angle, obscured in the full descent profile shown

in Fig.3.6a, becomes apparent when examining the vertical trajectories of each tracked point

in Fig.3.6c. Similar behavior has been reported in other autorotating systems, where uneven

mass distribution leads to periodic aerodynamic adjustments and variability in descent tra-

jectory90. Across all test species, the average descent velocity Vd is 153± 32 cm/s, N = 90.

By comparison, maple samaras (Acer spp.), which do not exhibit rolling, descend more

slowly at 102± 9 cm/s11,91.

Prior studies of autorotating seeds and flapping insects have shown that unsteady aero-

dynamic features—such as vortex shedding and lift oscillations—can promote flight stability

rather than sensitivity41,42. Rolling samaras appear to leverage similar dynamics, using peri-

odic changes in angle of attack to maintain controlled descent. We assert that the magnitude

and timescale of lift oscillations are too small to interfere with precession, which is explored
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below, and therefore the cause for the aforementioned coning angle oscillations, with a fre-

quency that does not match ωr, is unknown but may be the result of transients incurred

during samara release.

Unlike flapping wings73,92, which oscillate and periodically reverse their angle of attack α,

rolling samaras undergo continuous spanwise rotation that steadily modulates α. The result-

ing periodic fluctuations reflect continuous rolling, rather than true reversals in wing–airflow

alignment. Angle of attack α is periodic and discontinuous, transitioning from 90◦ to −90◦

upon the wing surface normal aligning with the airflow vector. The angle of attack is gener-

ically defined as,

α = tan−1

(
∥R∥∥C∥
R ·C

)
, (3.3)

where R = tan−1()Vd/0.75Sωp) is the local velocity vector and C is the vector between the

chordal edges. Representative orientations of a rolling samara with positive (+α) and neg-

ative (−α) angles of attack, defined relative to the local direction of motion R, are shown

in Fig.3.6d. In contrast to rolling samaras, maple samaras (Acer spp.) maintain nearly

constant angles of attack between 20◦ and 40◦ during descent11,34,81. Insects such as bum-

blebees93, dragonflies94, and beetles95 maintain high angles of attack between 30◦ and 60◦,

enabling unsteady lift mechanisms such as delayed stall and leading-edge vortices96. Rolling

samaras may leverage analogous aerodynamic effects through passive, cyclic modulation of

angle of attack. Periodic fluctuations in α can regulate descent by adjusting lift across each

rotation, a mechanism also observed in biological flyers such as mosquitoes97.

Rolling induces small-amplitude perturbations superimposed on the dominant precession,

introducing unsteady aerodynamic effects that should, intuitively, result in vertical oscillation

of the wingtip37. However, we observe no such wobble of the wingtip. Prior studies of

autorotating and fluttering plates suggest that the lift coefficient CL during periodic motion

can be approximated as a sinusoidal function37. Following Fang et al.41, we can write the

lift force due to rolling as

FL,r(t) =
1

2

(
C1 sin

(
2πt

T

)
+ C2

)
︸ ︷︷ ︸

CL

ρV 2
dA, (3.4)

where ρ = 1.23 kg/m3 is air density, and constants41 C1 = 0.9 and C2 = 0.7. Eq. (3.4) man-

dates we assume dωr/dt = 0, which is confirmed by kinematic tracks (Fig.3.6b). Assuming

this force acts at a moment arm of S/4 from the wingtip, the corresponding torque is

τmax =
S

4
Fmax. (3.5)
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The moment of inertia for a thin plate of uniform density, about its short axis mb2/12.

We assume that the samara will pivot S/4 from the seed tip due to fluctuation in lift. The

moment of inertia relevant to roll-induced lift can be estimated by the parallel axis theorem,

I =
1

12
mb2 +m

(
S

4

)2

. (3.6)

The maximum angular acceleration induced by lift fluctuation is then

ω̇max =
τmax

I
=

3(C1 + C2)ρV
2
dAS

2mb2 + 6mS2
, (3.7)

where ω̇max ≈ 197 rad/s2, using representative averages from L. tulipifera: Vd = 131 cm/s,

projected area A = 2.141 cm2, span S = 3.9 cm, mass m = 47 mg, and wing thickness

b = 0.46 mm.

To estimate the vertical displacement generated by ω̇max, we assume the acceleration acts

over a quarter roll cycle. The resulting vertical displacement of the wingtip is

ymax =
3

32
Sπ2 ω̇max

ω2
r

, (3.8)

which yields 27µm for ωr = 510.2 rad/s. Such a minuscule displacement at the wingtip, an

estimate that neglects added mass effects, explains why the roll does not visibly wobble the

samara wingtip throughout precession.

3.3.2 Wing thickness is the prevailing dimension governing de-

scent velocity

Our three focal species—F. americana, F. excelsior, and L. tulipifera—illustrate that rolling-

autorotation can occur across a range of samara shapes. Tulip poplar (L. tulipifera) samaras

are dry, woody, winged fruits with a span of 3.6±0.3 cm, N = 10, each derived from a single

carpel within an upright conical aggregate that disaggregates at maturity in late fall98. L.

tulipifera samaras have bulbous seeds and strongly curved wings extending dorsally from

the upper edge. Each unit in the conical aggregate contains one or two samaras that feature

a dorsally extended wing that facilitates wind dispersal over distances up to five times the

height of the parent tree98. In contrast, ash samaras exhibit flat, teardrop-shaped seeds99.

The planar wings of F. americana taper symmetrically, while F. excelsior samaras have

a subtly helical wing, introducing spanwise curvature Fig.2.1a. Morphological differences

among our two ash species align with previous studies highlighting substantial inter- and
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intraspecific variation in wing length, area, and seed-to-wing proportions33,41,100. Despite

variability in form, all three species maintain an aspect ratio S/c averaging 4.5±0.7 and seed-

biased mass distribution that promotes autorotation. Despite their morphological differences,

our three focal species share a surprising aerodynamic commonality; thickness b emerges as

the most predictive trait shaping flight performance.

One might expect conventional length-based scaling laws to predict differences in aero-

dynamic behavior because many aerodynamic traits scale predictably with a characteristic

length101,102 L. In allometric scaling, planform area scales as A ∼ L2, and mass scales vol-

umetrically as m ∼ L3. Such assumptions are widely applied to engineered rotors103–105

and biological structures, including seed wings11, to estimate drag, lift, and dispersal poten-

tial34,106. Across all three species in this study, however, neither the square of span S2 nor

chord length c2 strongly correlates with area (R2 < 0.1, Fig.A.8), challenging the intuition

that planform dimensions reliably predict size and weight.

Instead, both mass and planform area exhibit strong scaling relationships with thickness

for all test species. Mass follows an inverse power-law scaling based on best-fit regressions,

with m ∼ b−1.44 (R2 = 0.811), as shown in Fig.3.7a. Planform area scales positively with

F. excelsiorF. americana L. tulipifera

a b

c d

Figure 3.7: Scaling relationships in rolling samaras. (a) Mass m versus wing thickness b. (b)
Planform area A versus b. (c) m vs bA. (d) Descent velocity Vd versus b.
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thickness, following A ∼ b0.46 (R2 = 0.752), as seen in Fig.3.7b. In short, the samaras

with thinner wings are the heaviest. Although the relationships shown in Fig.3.7 appear

approximately linear on a log-log scale, the regressions are best fit by power-law models,

which yield higher R2 values than simple linear regressions. The reported coefficients and

R2 values correspond to these power-law fits.

The unexpected relationships plotted in Fig.3.7a,b suggest that structural integrity is not

the primary factor driving thickness. On the contrary, a plot of bA versusm shows that rolling

samaras are volume-conserving, with each species having a slightly different density, as shown

in Fig.3.7c. Rather than distributing material uniformly, samaras concentrate structural

reinforcement in the reproductive seed and central spine, while maintaining thinness at wing

edges (Fig.2.1d). Strategic allocation of material in these regions likely enhances stability

and mechanical efficiency without compromising aerodynamic function34,106,107, but such

an investigation is a topic for future simulation. Comparable design principles appear in

engineered flight systems, where internal spars or composite reinforcements provide stiffness

without increasing thickness throughout108–110.

In light of the unexpected morphological scaling with thickness, we next consider the role

of thickness and wing area on descent velocity Vd. In a previous study11, we successfully

united the descent velocity of nine Acer samara species using a classical drag model that

combines form drag and lift,

mg ∼ 1

2
CDρV

2
dA cos θ, (3.9)

where g is gravitational acceleration, CD is the drag coefficient. Our above best fit scalings,

m ∼ b−1.44 and A ∼ b0.46, are very close to more convenient choices for scaling exponents.

We thus choose m ∼ b−3/2 (R2 = 0.77) and A ∼ b1/2 (R2 = 0.73) for substitution into Eq.

(3.9). The result provides

Vd ∼ 1

b
, (3.10)

plotted in Fig.3.7d, with R2 = 0.85. The emergence of a simple, predictive relationship

between thickness and descent velocity reveals that thickness plays a fundamental and pre-

viously underappreciated role in rolling samara flight. The establishment of Eq. (3.9) chal-

lenges the traditional view of relating terminal velocity to wing loading Vd ∼ (mg/A)1/2,

most notably proposed by Ausperger (1986)71. We defend the use of Eq. (3.9) by plotting

Vd vs (mg/A)1/2 for our data alongside the rolling samara data from Ausperger (1986)71,

Greene (1990)111, and Azuma (1989)31 in Fig.A.9.

The aerodynamic importance of thickness parallels findings in tumbling plate dynam-

ics38,112, where thickness influences rotational stability and descent behavior. Experimen-

tal35 and computational70 studies of falling plates have shown that increased wing thickness
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F. excelsiorF. americana L. tulipifera

a b

Figure 3.8: Relationship between wing thickness b and (a) rolling velocity ωr, and (b) precession
velocity ωp.

suppresses chaotic or erratic motion and instead promotes periodic, stable rotation. Obser-

vations of rolling samaras reveal a similar trend. Rolling velocity decreases with thickness

(ωr ∼ b−0.84, R2 = 0.72, N = 30), an observation that is species independent, as shown in

Fig.3.8a. precession velocity also decreases with thickness (ωp ∼ b−0.90, R2 = 0.83, N = 30),

as shown in Fig.3.8b. If we approximate the best fit in Fig.3.8b as ωp ∼ b−1, Eq. (3.10)

provides Vd ∼ ωp, an intuitive result. Seed descent traits such as morphology and terminal

velocity influence not only flight dynamics but also ecological outcomes. Interspecific varia-

tion in descent rate has been shown to influence mean dispersal distance, with consequences

for seedling establishment and overall plant fitness71, suggesting that the aerodynamic dif-

ferences reported here may carry important ecological implications.

3.3.3 Release position catalyzes rolling proceeding precession

Rolling, and thus precession, is more rapidly initiated from some static release positions than

others. We filmed the release of three specimens from each species, with three replicates at

each of five distinct starting orientations. Releases are initiated from the top of a vertical

wind tunnel (Section 2). The wind tunnel provides a terminal velocity field that hastens

the onset of stable autorotation in view of our high-speed camera. For each of 135 trials,

we measure two key timepoints. The first is the time to complete one full rolling cycle, tr.

The second is the time to stable precession, tp, defined as the time to levitation without

further descent in the lab frame. We acknowledge that the method for determining tr and

tp involves human interpretation during a frame-by-frame analysis, introducing a degree of

subjective error, and estimate this error to be < 40 ms, or half the precession period of our
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Figure 3.9: Initiation of autorotation in rolling samaras. (a–e) Sequential images illustrating
different initial orientations of samaras relative to the airflow: (a) wing parallel to the flow, (b)
wing perpendicular to the flow, (c) wing at a 45-degree angle to the flow, (d) wing parallel to
flow with seed up, and (e) wing parallel to airflow with wingtip up. (f) Relationship between the
time to complete one full roll (tr) and the time required to achieve stable precession (tp). Release
orientation influences the time to steady autorotation.

slowest rotator. The qualitative responses to each initial orientation are consistent across

all three species, enabling the generalization of behavioral trends without species-specific

distinctions. Supplemental videos (Supp. M1–M5) are provided for each orientation to

illustrate the observed responses.

The first orientation positions the samara chord parallel to gravity and span parallel

to the horizontal, minimizing aerodynamic resistance at release, as depicted in Fig.3.9a

(Supp. M1). In this configuration, the seed leads the descent, causing the wingtip to rotate

upward. Rolling motion is initiated almost immediately, with an average time to roll of tr =

47± 8ms. Time to precession is also rapid, occurring within tp = 262± 13ms. All reported

initiation times reported herein should be interpreted for the sake of comparison and are not

representative of transients in natural conditions because the seeds experience a terminal

velocity field immediately at release. Therefore, we expect natural entry into autorotation

to be longer. Among all tested configurations, this orientation consistently produced the

fastest transition into stable autorotation, confirming its aerodynamic favorability.

The second orientation positions the chord parallel with the horizontal, maximizing aero-

dynamic drag at release. In this case, rolling motion does not begin immediately; instead,

the seed initially drops downward before rolling begins. Average time to roll increases to

tr = 120± 15ms, while time to precession occurs at tp = 330± 20ms, as seen in Fig.3.9b.

Once rolling begins, the transition to stable precession proceeds rapidly. A similar sequence

occurs in the third orientation, where the wing is tilted at a 45◦ angle to the horizontal from
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the second orientation. The seed initially flips downward, causing a brief delay in rolling ini-

tiation that can be attributed to the time it takes for the seed to rotate down. Time to roll in

this case increases further to tr = 190±18ms, and precession is achieved at tp = 390±22ms,

as shown in Fig.3.9c.

In the fourth orientation, the span is vertical with the seed facing upward. The samara

flips seed-down to delay rolling compared to other orientations. Average time to roll is

tr = 245 ± 14ms, and stable precession develops after approximately tp = 460 ± 18ms, as

seen in Fig.3.9d. The fifth and final orientation positions the span vertically with the seed

down. Intermittent rolling occurs throughout the descent, but the motion remains irregular.

The samara does not fully transition to stable precession within our approximately 55-cm

high tunnel viewing area, despite windspeed being set at the terminal velocity of the samara,

as shown in Fig.3.9e.

Samaras that initiate rolling earlier (tr) reach a steady precession (tp) more quickly, as

shown in Fig.3.9f. In natural conditions, samaras are unlikely to detach from the parent tree

in the ideal orientation. Branch motion, wind disturbances, and variability in fruit abscission

mechanics likely result in a wide distribution of initial orientations at release111. However,

it has been shown that symmetric samaras released into a crosswind initiate rotation more

rapidly than those in still air113, indicating that orientation may be less critical than our

results indicate.

Field observations have shown that tulip and ash samaras often fall in non-ideal orien-

tations and may briefly descend without rotating before aerodynamic forces reengage and

stabilize the flight path33. In these species, seed release occurs over an extended disper-

sal season—often lasting several weeks to months—during which environmental conditions

such as wind, humidity, and temperature can vary substantially, increasing the likelihood of

non-ideal release scenarios111. In contrast, species such as maples exhibit more temporally

synchronized dispersal, with samara release typically concentrated within a narrow window

of just a few days to a week114, thereby limiting exposure to such variability. The observed

consistency in rolling initiation across all species, even from suboptimal starting configura-

tions, suggests that rolling samaras possess an inherent aerodynamic robustness that enables

recovery from a range of initial states. Aerodynamic recovery from unfavorable orientations

enhances time aloft and dispersal distance. Selection may therefore favor geometries that

not only optimize steady-state flight but also promote reliable initiation of autorotation.

Orientation-dependent initiation dynamics appear to be a critical, yet unstudied, compo-

nent of the passive dispersal performance of rolling samaras.
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3.4 Synthesis and Implications

A classical vertical force balance, mg ∼ 1
2
CDρV

2
dA cos θ, unites autorotational descent across

nine Acer species with a single effective coefficient (CD≈6), outperforming traditional wing

loading by leveraging projected area A cos θ (Fig.3.1). The drag balance captures interspe-

cific agreement (drag R2 = 0.72 vs. wing loading R2 = 0.35) and exposes informative devi-

ations: A. negundo behaves “underweighted” while A. saccharum appears “overweighted,”

signaling mass-distribution effects not evident from dynamics alone (Fig.3.3). Centrifugal

forces are substantial, yet descent remains well described once cos θ is included, yielding a

practical, cross-species performance metric that integrates morphology (A), kinematics (θ,

ω), and mass (m).

Rolling samaras reveal a complementary scaling regime governed by wing thickness. Em-

pirical relationships m∼ b−3/2 and A∼ b1/2 inserted into the same drag framework predict

Vd ∼ 1/b, matching measurements (Fig.3.7). Rolling and precession velocities decrease

with thickness (Fig.3.8), while lift oscillations during spanwise rotation are too small to in-

duce observable wobble, preserving smooth helical descent (Fig.3.6). Orientation at release

modulates time to autorotation, yet robust initiation emerges across a wide range of starting

states. Together, the autorotation and rolling results demonstrate that two compact descrip-

tors—projected area with coning (A cos θ) and wing thickness (b)—provide predictive control

parameters for passive seed flight. Subsequent sections link outliers to specific morphological

traits (Section 3.2) and probe robustness under perturbations (e.g., added/removed mass;

Section 4.1.2), with implications for dispersal modeling and bio-inspired aerial design.
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Chapter 4

Samaras are robust to morphological perturbations

4.1 Morphological perturbations to maple samaras

4.1.1 Samaras are robust to mass addition

Suspended samaras are susceptible to environmental moisture such as rainfall and dewfall, a

fate shared with foliage115 and resting insects116,117. As samaras turn from green to brown,

or in cycles of drought, one would expect their moisture content, and thus mass, to fluctuate.

Some nutlets contain a seed while others are empty118. It follows, therefore, that samara

flight is robust to some range of mass alteration. Our chosen species for mass augmentation

are the over- and underweighted species identified in Section 3.1.1, and two additional species

for comparison, the largest test species, A. macrophyllum and the smallest, A. buergerianum.

We augment the mass of three specimens per species by dunking the nutlet in melted wax,

where the number of dunks controls the amount of mass addition. The addition of wax

contributes a < 5% increase in A (Fig.A.5 Mass is added in subsequent flight tests until

the samaras cannot levitate in our tunnel. We also subtract mass from one specimen per

species by shaving mass from the nutlet in a manner similar to that done by Varshney et

al. (2012)24. Mass is reduced in subsequent flight tests until the samaras cannot levitate in

our tunnel. We provide movies of weighted and unweighted alongside their unaltered states

hovering in our tunnel in Movies S1 & S2, respectively.

We plot reduced velocity V/V0 vs reduced mass m/m0 in Fig.4.1a up to the point where

modified samaras no longer auto-rotate, where V0 and m0 are the unmodified descent veloc-

ity and mass for each samara on test, respectively. Our largest samara, A. macrophyllum,

tolerates the least amount of relative mass addition before failure at m/m0 ≈ 1.3 but per-

forms best in relative mass reduction down to m/m0 ≈ 0.3. The overweighted samaras of

A. saccharum (largest mass to area ratio Fig.3.5a) are the most sensitive to mass addi-

tion, V/V0 ∼ (m/m0)
0.23, but continue to autorotate up to m/m0 ≈ 1.5. Whereas, the

underweighted A. negundo is least sensitive to changes in mass, V/V0 ∼ (m/m0)
0.06, with

autorotation for 0.5 ≲ m/m0 ≲ 2.25. The best-fit scaling for the four augmented species

is V/V0 ∼ (m/m0)
0.12, R2 = 0.80. As a comparison, we also plot V/V0 ∼ (m/m0)

0.5 with

a dashed line from the prediction of Eqs. (1.1) and (3.1) for a constant area and note that

the flight performance in response to changes in mass of these specimens is considerably

different from what is predicted. Overall, samara descent velocity is remarkably robust to
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mass addition and subtraction. It is clear that the starting point of the individual species

is important such that the underweighted samara tested here (A. negundo) can withstand

the most relative mass addition, whereas the overweighted samara (A. saccharum) performs

slightly better when mass is reduced. Further, the velocity change is remarkably only ±15%

of the average velocity for mass changes up to ±70%, revealing their ability to withstand

major mass changes and still descend as intended. Mass subtraction, however, does not usher

the descent speed retarding benefits predicted by the force balance of Eq. (3.1) (i.e. velocity

reduction values are above (m/m0)
0.5). Though Varshney et al. (2012)24 does not report

their test species, their results are comparable to our largest seeds (Fig.4.1a), with a mass

reduction at the nutlet producing V/V0 = 0.75 for m/m0 = 0.471.

While mass alteration does little to influence samara descent velocity, the response in

angular velocity is considerably more significant. Our Acer samaras maintain a relatively

stable descent velocity by rotating more rapidly, generating more lift, in response to mass

addition. We plot ω/ω0 vs m/m0 in Fig.4.1b, where all the all trials fit is ω/ω0 ∼ m/m0.70
0 ,

R2 = 0.77. Weighting the smallest samara, A. buergerianum, produces the fastest rotation,

ω/ω0 ≈ 2 for m/m0 ≈ 1.5. A greater increase in ω than Vd produces lower angles of attack

ϕ for heavier Acer samaras (Fig.A.6

More rapidly rotating samaras descend with a flatter cone angle shown in Fig.4.1c such

that θ/θ0 ∼ (m/m0)
−0.48, R2 = 0.71. We posit that the reduction in coning angle for added

nutlet mass is the key to keeping Vd/Vd0 lower than what would otherwise be expected

from Eq. (3.1). To check this, we plot ρV 2
dA cos θ vs mg in Fig.4.1d, where black symbols

represent unaltered specimens from each species. Color-coded dashed lines represent the

linear correlation of Eq. (3.1) using individual species data plotted in Fig.3.3a, and their

length represents the bounds of the original data. The reduction in coning angle enables

samaras to outperform naturally heavier individuals within their own species even with an

increase in Vd. The overall fit to all our altered trials (solid line) is nearly identical to the

data in Fig.3.3a (dashed line). Deviations from the samara solid fit line are expected for

overweighted and underweighted species (similar to Fig.3.3a). Deviations within species

(colored dashed lines) are also expected since we altered the nutlet weight. Our results

demonstrate that samaras are wonderfully adapted to carry altered masses up to 70% and

even to 120% mass increase for underweighted species. Whether this is a genetically beneficial

or necessary trait is worthy of future research.
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Figure 4.1: Samaras are robust to mass addition. (a) Reduced velocity Vd/Vd0 vs reduced mass
m/m0, (b) reduced angular velocity ω/ω0 vs reduced mass m/m0, (c) reduced cone angle θ/θ0 vs
reduced mass ratio m/m0 vs , and (d) drag force to samara weight mg.
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4.1.2 Samaras autorotate with severely damaged wings

The long development time of samaras, approximately four months118, makes samaras sus-

ceptible to herbivores that can damage their wings. Other events such as hail strikes might

also induce damage. As with alterations to mass, we can further test Eq. (3.1) by perturbing

samara wing area by ablation, similar to that done by Varshney et al. (2011)24. In so doing,

we probe the robustness of samaras to damage to their thin, brittle wings. The addition of

wing area is intractable, but the reduction in area of the wing at a location that is least aero-

dynamically sensitive, the trailing edge, is straightforward (Section 2.2, Fig.A.1). Ablation

is done by removing strips of the wing from the trailing edge at approximately 25%, 50%,

and 75% of the chord and done until the samara can no longer stably autorotate in our wind

tunnel near Vd/Vd0 ≈ 1.3−1.5, at a reduced area A/A0 ≈ 0.6−0.8. Such removal of the thin

wing has little effect on mass, m/m0 ≥ 0.96. We plot Vd/Vd0 to A/A0 in Fig.4.2a. Descent

velocity Vd/Vd0 ∼ (A/A0)
−0.79, R2 = 0.91 is more sensitive to changes in area than predicted

by Eq. (3.1) with all other variables held constant, Vd/Vd0 ∼ (A/A0)
−0.5. Angular velocity is

nearly unchanged by reduction in area, ω/ω0 ∼ (A/A0)
0.03, even close to failure, as shown in

Fig.4.2b. Coning angle θ increases with a reduction in area such that θ/θ0 ∼ (A/A0)
−0.38,

R2 = 0.87, with no notable standouts, as shown in Fig.4.2c. A hovering samara with an

ablated wing is shown in Movie S3.

We plot drag force to weight for reduced wings in Fig.4.2d. Across all species, the linear

fit to altered area samaras (solid line) and unaltered data in Fig.3.3a are similar. We thus

conclude that samaras are robust to wing damage and area reduction on their trailing edge.

Since we inflict damage on the trailing edges only, our results suggest that our modifications

do little to affect the compact leading edge vortex critical for lift generation81. Removing

wing area from both the leading and trailing edges has been shown to dramatically increase

descent velocity as shown by Varshney et al. (2011)24 and matches the trends in our data

shown in Fig.4.2.

4.1.3 Altered samaras obey wing loading predictions

We discuss in Section 3.1.1 that a simple drag model, given by Eq. (3.1), is superior to

Eq. (1.1) for describing the descent characteristics across samara species when numerous,

unaltered maple samaras are used. The data presented in Fig.3.1a, is presented again in

Fig.4.3a with adjusted axes. We observe a weak correlation between V 2
d and mg/A for

unaltered specimens. However, specimens in which mass is added and subtracted well obey

V 2
d ∼ mg/A, as shown in Fig.4.3b. The comparison of panels (a) and (b) reinforces that

maple samaras are robust to changes in mass, but more strikingly, that the performance of
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Figure 4.2: Samaras are robust to wing area ablation. (a) Area ratio A/A0 vs velocity ratio
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an individual specimen is inherent to the individual and more complex than a bare mg/A

value can predict. We posit this is due to the small variations between specimens. Despite

how well changes to descent velocity by mass alteration are predicted by wing loading, we

observe that drag force and weight are more highly correlated. We plot all our experimental

drag force values, altered and unaltered, alongside values from literature24,27,31 in Fig.4.3c.

Now, our drag model in Eq. (3.1) achieves an R2 = 0.70, with an average CD = 5.68. The

remarkable similarity in the slopes in Fig.3.3a and Fig.4.3c underscores the robustness of

our model. Perhaps the only advantage of Eq. (1.1) over Eq. (3.1) is a quick estimation of

velocity change without the need to consider the coning angle.

The relation between drag coefficient CD and angle of attack ϕ for all our tests is shown

in Fig.4.3d. The trend between CD and ϕ seemingly agrees with that reported by Lentink

et al. (2009); ϕ changes very little, typically within 10◦, with a large range of CD
81. While

CD increases slightly with mg, ϕ is functionally independent of mg, as shown in Fig.A.7.

4.2 Dimensionless Parameters Governing Continuous

Spiral Tumbling

We investigate the aerodynamic response of falling paper across four aspect ratios, five scales,

and three thicknesses. Each condition is experimentally represented by three replicate trials.

In all trials, the paper consistently exhibits continuous spiral tumbling. Detailed kinematic

analyses are presented to quantify responses to aspect ratio and thickness by measuring

descent speed V , coning angle θ, precessional velocity wp, rolling velocity wr, and precessional

radius rp.

4.2.1 Dimensionless Aerodynamic Framework

Both rolling (continuous spiral tumbling) and autorotating samaras have been shown to

follow a relationship between effective aerodynamic drag and descent velocity when treated

as free-falling blunt bodies11,119. The falling paper analogs in the present study revealed

a similar relationship, as illustrated in Fig.4.4. Following prior work, form drag and any

lift generated during descent were combined into a single effective aerodynamic term acting

opposite to the direction of motion, expressed as

mg ∼ 1
2
ρCDV

2A cos θ, (4.1)

where g = 9.81m s−2 is gravitational acceleration, CD is the effective drag coefficient,
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Figure 4.3: Relation between the square of decent velocity and wing loading on (a) unaltered
(from Fig.3.1a) (b) altered samaras. Alterations include mass addition and subtraction. (c) Drag
coefficient CD versus samara weight mg for all altered and unaltered specimens in this study. (d)
Drag force versus mg for all samaras in this study and select data from literature24,27,31.

ρ = 1.23 kgm−3 is air density, and A cos θ is the projected area of the plate in the direction

of descent. The slope of the best-fit line in Fig.4.4, with a correlation coefficient ofR2 = 0.81,

yields an effective CD = 2.7 across all paper samples. By comparison, Acer samaras exhibit

CD ≈ 1.1, and rolling samaras yield values of similar magnitude.

The falling paper analogs demonstrate that even geometrically simple plates maintain a

consistent drag–weight balance, but at a higher effective coefficient than samaras. Elevated

CD values indicate greater aerodynamic resistance per projected area. Samaras achieve

lower effective coefficients through autorotational lift and the formation of a stable leading-

edge vortex (LEV), which enhances vertical support while minimizing total drag120,121. The

paper analogs, in contrast, exhibit unsteady rolling–tumbling kinematics that appear to be
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Figure 4.4: Relationship between effective weight mg and aerodynamic force ρV 2A cos θ for falling
paper, Acer samaras, and rolling samaras. Circles represent paper analogues. Black x represent
Acer samaras and black asterisks represent rolling samaras.

dominated by pressure drag, with any LEV contribution likely intermittent or weak, which

is consistent with the higher effective coefficients.

A higher CD for paper does not imply faster descent, as the total aerodynamic force is

distributed over a larger effective area and compensated by lower weight. For geometrically

similar bodies, area increases with the square of length while mass increases more rapidly

with volume, meaning that a larger or thicker plate experiences greater form drag relative

to its weight. Consequently, paper analogs descend more slowly despite their larger CD,

because increased drag area offsets the effect of higher coefficients. The force balance plot in

Fig.4.4 therefore provides a unified framework linking engineered plate analogs to natural

samaras: both satisfy the same drag–weight equilibrium, yet the aerodynamic mechanisms

differ fundamentally. Biological samaras attain efficient autorotational flight with lower

CD through vortex-induced lift, whereas paper analogs require greater drag to maintain

equilibrium due to the absence of lift augmentation and stable flow structures.

A long tradition of falling-body studies organizes descent behaviors on a regime map using

the chord-based Reynolds number and a geometry-scaled moment of inertia. Following classic

work on freely falling plates and disks122 and the synthesis for plates by Andersen et al.123

(see also124), the Reynolds number is taken as

Re =
ρfVdc

µ
(4.2)
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Figure 4.5: Regime placement of falling plates and samaras in Re–I∗ space. Circles represent
paper analogues. Black x represent Acer samaras and black asterisks represent rolling samaras.

where Vd is the mean descent velocity, c is the chord, and ν is the kinematic viscosity of air.

The dimensionless moment of inertia is defined as

I∗ =
Iz

ρfc3S2
, (4.3)

where a = S/2 is the half-span, b = c/2 is the half-chord, and Iz is the mass moment about

the spanwise axis. For a thin rectangular plate,

Iz ≈
m

4
(c2 + S2). (4.4)

Re representing the ratio of fluid inertia to viscosity and I∗ representing body inertia nor-

malized by fluid and geometric scales delineate the canonical transitions among steady au-

torotation, flutter/tumble, and coupled spiral regimes reported in prior experimental and

numerical studies122–124.

Building on the drag–weight balance, we now turn to where the trajectories reside in

this canonical regime map defined by the Reynolds number and the dimensionless moment

of inertia. As shown in Fig.4.5a, the chord-based Reynolds number spans approximately

Re ≈ 300–2600, placing the experiments within the regime where unsteady vortex shed-
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ding and coupled lift–drag dynamics govern the motion122,123. The dimensionless moment

of inertia, I∗, ranges from about 5 to 220, encompassing values that separate steady autoro-

tation, flutter, and tumbling regimes123,124. Together, these parameters position the falling

paper plates alongside both Acer and rolling samaras, enabling a direct comparison of their

aerodynamic regimes.

Thicker plates occupy the upper portion of the plot, consistent with increased rotational

inertia and reduced susceptibility to purely aerodynamic instabilities, as shown in Fig.4.5a.

In contrast, thinner geometries cluster at lower I∗, corresponding to faster dynamic response

and greater oscillatory amplitude. Subtle geometric modifications—such as those arising

from natural variation in samara wing thickness—alter rotational inertia and therefore the

coupling between translation and rotation during descent.

All data fall within the region associated with continuous spiral tumbling, with no transi-

tions into steady autorotation or chaotic flutter observed under the tested conditions. The

clustering of data points along this band, overlapping previously defined coupled-motion

regimes, suggests that increasing thickness adjusts precessional and rolling timescales with-

out moving the motion outside the coupled regime. The close overlap between the paper

analogs and natural samaras further supports that both operate within a dynamically stable

yet unsteady descent mode driven by a balance between aerodynamic torque and rotational

inertia.

The drag–weight balance and the Re–I∗ placement provide a consistent framework for

interpreting subsequent results. The former establishes that vertical descent remains gov-

erned by an effective equilibrium of forces, while the latter situates the experiments in a

phase space where geometry and inertia modulate aerodynamic torques. The next section

leverages this placement to examine how oscillatory kinematics scale dimensionally through

the Froude and Strouhal numbers.

Building on the regime placement in Re–I∗ space, nondimensional parameters were used

to characterize how inertia sets oscillatory kinematics during descent. The descent was

expressed by the Froude number,

Fr =
V√
gS
, (4.5)

and a Strouhal measure based on precession frequency,

Stp =
fp S cos θ

V
. (4.6)

Stp decreases monotonically with increasing Fr as shown in Fig.4.6a. Larger Fr indicates

stronger inertial dominance for a given size, so bodies fall faster per unit span, complete

fewer precession cycles per unit vertical distance, and therefore display lower Stp. A simple
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Figure 4.6: Froude–Strouhal regime placement for plates and samaras. Blue circles represent
paper plates; black x represent Acer samaras; black asterisks represent rolling samaras. Color
denotes the thickness-to-chord ratio b/c (see colorbar).

scaling captures the trend. If the precessional timescale is set by a gravitational–geometric

clock, tg ∼
√
S/g, then fp ∼ κ/tg = κ

√
g/S, yielding

Stp ∼ κ
cos θ

Fr
, (4.7)

an approximate Fr−1 decay. Plate data align with this inverse trend reported for freely

falling cards and plates, where increased inertial dominance lengthens oscillation periods

and broadens trajectories without violating the drag–weight equilibrium that sets V 122–124.

Autorotating seeds maintain elevated vertical force via a stable leading-edge vortex (LEV)

at high effective angles of attack120,121. For comparable Re, samaras sustain lower V (hence

lower Fr) while retaining high rotation rates, which shifts points upward in Stp relative to

plates at similar geometry. Acer samaras occupy a distinctly higher Stp band at moderate

Fr∼2–2.7, consistent with strong LEV-induced circulation that augments lift and maintains

rapid spin. Rolling samaras plot at intermediate Stp despite operating at larger Fr∼3.5–5,

indicating a different torque balance where spanwise roll couples to precession but lacks the

same level of LEV augmentation seen in single-axis autorotation.

48



Color coding by thickness ratio b/c indicates only secondary variation at fixed Fr for

plates, consistent with earlier Re–I∗ results where thickness primarily shifts rotational inertia

rather than the inertia–gravity balance that governs Fr. Residual scatter in Stp at fixed Fr

likely reflects modest differences in cos θ and frequency estimation rather than a systematic

thickness effect.

Implications for dispersal follow naturally. Larger Stp at a given Re implies more frequent

sampling of ambient turbulence per unit descent, promoting lateral meander and longer

residence times aloft. Seed-dispersal theory links such low-Fr, high-St operating points to

greater transport efficiency and broader dispersal kernels125,126. The Fr–Stp relationship

therefore bridges biological and synthetic flyers. Plates delineate the inertia–gravity control

of oscillatory descent, whereas samaras shift upward in Stp through LEV-driven lift that

enhances aerodynamic efficiency and dispersal potential.

4.2.2 Helical framework for coupled rolling and precessional mo-

tion

Following the helical framework introduced by Schaeffer and Dickerson (2025), the coupled

rolling and precessional motion of both the falling paper and the samaras can be represented

as a three-dimensional helix that describes the path of the center of mass. Within this

geometric description, the descent involves continuous rotation around a central vertical

axis while the center of mass translates downward in a steady manner. The motion can be

expressed parametrically as

r(t) =


rp cos(ωpt)

rp sin(ωpt)

Vzt

 , (4.8)

where rp is the precessional radius, ωp is the precession rate, and Vz is the vertical descent

velocity. The helical framework provides a geometric connection between rolling and pre-

cession that defines the overall path of descent and establishes a clear link between rotation

and translation.

The helical view unifies translational and rotational dynamics, capturing how the center

of mass follows a repeating and spatially organized trajectory during descent, as shown in

Fig.4.7. Variation in aspect ratio, scale, and thickness produces systematic differences in

both lateral extent and vertical spacing, as seen in Fig.4.7. Larger aspect ratios produce

wider helices with greater horizontal displacement, whereas increased thickness leads to more

compact trajectories with reduced radial spread, as illustrated in Fig.4.7. The organized
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Figure 4.7: Representative helical trajectories of falling paper analogs across a range of aspect
ratios (S/c), scales and thicknesses (b/c). The circles represent the precessional path of the fall
looking from the x-y plane where as the falling trajectories next to them represent a 2 second fall.

paths reflect the geometric coupling between precession and descent, consistent with the

helical motion described for natural samaras119, as shown in Fig.4.7.

The helical framework highlights how morphological geometry dictates the balance be-

tween vertical descent and rotational motion during continuous spiral tumbling. A useful

analogy for interpreting the relationship between descent speed and lateral motion arises

from the concept of stiffness in a spring. The aerodynamic stiffness of the system can be

represented by the ratio V ∼ c/rp, which describes how vertical velocity scales with the con-

finement of the helical path. A smaller precessional radius relative to chord implies that the

flow is redirected more vertically, yielding higher descent speeds and a stiffer aerodynamic

response37,123. Increased stiffness reflects a stronger coupling between aerodynamic torque

and restoring lift, as the rotating plate resists lateral displacement and drives a concentrated
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Figure 4.8: Helical and loading scalings for falling paper analogs. (a) V versus cSb with color
indicating b/c. (b) cos θ versus 1/V 2. (c) rp versus (S/c) b. (d) χ = V/(ωprp) versus (S/c) b.
Velocity increases with cSb. The quantity cos θ collapses against 1/V 2. The precessional radius rp
decreases with (S/c) b. The tightness χ increases with (S/c) b, which implies a larger pitch angle
and a looser winding for geometries with greater span to chord and greater thickness.

downward jet that sustains motion Fig.4.8.

The precessional radius rp varies with the morphological combination (S/c)b, which aggre-

gates span, chord, and thickness into an effective geometric loading parameter. Greater span

and thickness reduce rp, constraining the motion to a narrower helical path and concentrating

circulation near the central axis. Confinement of the wake produces higher vortex coherence

and a more stable leading-edge vortex, consistent with findings for autorotating samaras

and tumbling plates120,121. Morphologies with smaller rp therefore generate stronger, more

vertically aligned flow structures that enhance the steady aerodynamic support required for

prolonged rotation Fig.4.8.

A second dynamic coupling emerges between rp and precession rate ωp, revealing that

increased angular velocity accompanies reduced precessional reach. Faster precession com-
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presses the helical path and increases the frequency of vortex shedding, enhancing rotational

stability but reducing the lateral sweep of the trajectory. The relationship mirrors the trade-

off between angular momentum and radius in mechanical systems where rotational energy

is redistributed through spring contraction127. Aerodynamically, higher ωp confines the flow

near the body, intensifying tip vortices and narrowing the wake envelope Fig.4.8.

The dimensionless tightness parameter χ originates directly from the parametric defi-

nition of the helix, where the trajectory of the center of mass is expressed as r(t) =

[rp cos(ωpt), rp sin(ωpt), V t]. The ratio of vertical to azimuthal motion yields

χ =
V

ωprp
, (4.9)

which can also be interpreted as the cotangent of the helix angle α. The parameter therefore

integrates the three principal kinematic quantities—vertical velocity, precession rate, and

precessional radius—into a single dimensionless measure of geometric tightness. Large χ

corresponds to loose helices that advance farther per revolution, while small χ represents

tightly wound trajectories with greater aerodynamic loading. The observed increase of χ

with (S/c) b suggests that broader and thicker plates form less compact helices with longer

vertical spacing per revolution. The trend indicates an aerodynamic trade-off between drag-

induced lift and inertial stability122,123 Fig.4.8.

Variation in stiffness and tightness across geometry demonstrates that aerodynamic mor-

phology regulates both the structure of the flow and the efficiency of momentum exchange

during descent. Plates with large χ and low stiffness resemble samaras that exploit broad,

slowly precessing helices for efficient energy exchange with the air, extending flight time

and enhancing dispersal potential. Configurations with high stiffness and small χ generate

compact, rapidly rotating helices characterized by stronger pressure-driven lift and greater

vortex confinement. The interaction among geometry, stiffness, and tightness defines how

continuous spiral tumbling evolves as a stable, repeatable mode of descent that balances

aerodynamic torque, vortex organization, and energy dissipation Fig.4.8.

Linking these geometric and kinematic results to the earlier drag–weight and Re–I∗ re-

lationships reveals a consistent framework. The force balance establishes the vertical equi-

librium that fixes the descent speed, while the regime map situates the motion within the

range of parameters where unsteady vortex shedding and rotational coupling dominate. The

dimensionless variables V/crp and χ = V/(ωprp) extend this foundation by describing how

geometry reorganizes that balance within a three-dimensional helical flow. Morphological

variation therefore modifies the stiffness and tightness of the trajectory without altering

the fundamental equilibrium of forces, suggesting that continuous spiral tumbling operates
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as a dynamically stable mode of descent governed by geometric scaling and fluid–structure

interaction.

The helical framework provides more than a geometric description of motion. It estab-

lishes a physical basis for connecting shape, rotation, and descent within a unified set of

variables that link directly to flow organization. The parameters rp, ωp, and χ describe

how aerodynamic forces redistribute momentum between vertical and azimuthal directions,

revealing how morphological scaling controls the coupling between torque generation and de-

scent stability. Understanding how stiffness and tightness vary with geometry clarifies how

rolling seeds maintain steady, repeatable motion despite unsteady flow. Such insight extends

beyond seed flight, as it defines a tractable framework for predicting how small, passively

rotating bodies interact with their wakes. Continuous spiral tumbling therefore represents

not only a biological strategy for efficient dispersal but also a fluid–structure mechanism

that demonstrates how geometry alone can stabilize complex three-dimensional motion in

unsteady aerodynamic environments.

4.2.3 Comparison to samaras

Area normalization enables direct comparison between the paper analogs and natural rolling

samaras. Larger planform area promotes faster descent, consistent with the aerodynamic

scaling expected from lift and drag balance during autorotation. Falling paper, however,

descends more slowly than samaras with comparable normalized area. The difference arises

from the absence of optimized curvature and mass distribution that natural seeds use to

generate and sustain coherent leading-edge vortices. Uniform thickness and flat geometry

limit the capacity of paper models to redirect flow and maintain steady lift, producing slower

descent and reduced aerodynamic efficiency Fig.4.9.

Coning angle increases with normalized area, revealing a geometric adjustment to chang-

ing aerodynamic loading. Greater area produces larger aerodynamic torque and a higher

restoring moment, causing a wider coning motion that stabilizes descent. Similar adjust-

ments occur in natural samaras, where span and chord determine the equilibrium angle of

attack and the structure of the attached vortex ring39,69,128. Variation in cone angle with

area therefore reflects a shared aerodynamic principle across both biological and synthetic

forms Fig.4.9.

The relationships between velocity, area, and angle follow from the quasi-steady drag

balance expressed as

mg ∼ 1
2
ρACDV

2 cos θ. (4.10)

Because mass scales approximately with area and thickness as m ∝ Ab, the velocity relation
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Figure 4.9: Area normalized comparisons with color indicating the group mean thickness-to-chord
ratio b/c. (a) V/V0 versus A/A0 shows a modest increase in normalized descent speed across a wide
range of normalized area. (b) θ/θ0 versus A/A0 increases steadily, indicating geometric adjustment
of the cone with larger area. (c) 1/V 2 versus cos θ illustrates a near-linear correspondence predicted
by quasi-steady drag balance. (d) V versus cSb shows velocity scaling with geometric loading.
Points are means over trials for each combination of aspect ratio, scale, and thickness.

simplifies to V 2 ∼ g/(ρb cos θ). The inverse dependence between 1/V 2 and cos θ reflects the

way aerodynamic loading adjusts to maintain equilibrium between drag and weight, while

the trend between V and cSb represents the geometric scaling of descent rate with effective

aerodynamic volume Fig.4.9. Falling paper thus obeys the same aerodynamic structure as

rolling samaras but with slower, more dissipative motion.

Natural samaras maintain consistent size, aspect ratio, and thickness-to-chord ratio that

preserve vortex coherence and aerodynamic stability across a wide range of conditions. Mor-

phological tuning enables stable autorotation even when exposed to wind, rain, and impact

disturbances69,129. Controlled experiments with paper analogs reveal how deviations from

this tuned morphology alter coning behavior and reduce aerodynamic support. The compar-

ison highlights the aerodynamic sophistication of natural samaras, whose geometry allows
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passive stability and sustained lift that enhance dispersal distance and environmental re-

silience Fig.4.9.

4.3 Synthesis and Implications

Evidence across maple and rolling samaras, together with controlled paper analogs, resolves

continuous spiral tumbling as a quasi–steady, passively stable descent mode governed by a

simple drag–weight equilibrium and geometry–inertia scaling. A helical state description

with {rp, ωp, V } links translation and rotation, and the tightness χ = V/(ωprp) condenses

how vertical advance trades against azimuthal sweep without requiring additional parameters

Fig.4.8. Placement in (Re, I∗) space shows all bodies operating within the coupled–spiral

band, where thickness adjusts rotational timescales via I∗ yet leaves the fundamental mode

unchanged Fig.4.5. Precessional radius contracts with the geometric loading combination

(S/c)b, while χ grows along the same coordinate, indicating that morphology regulates both

lateral reach and pitch of the helix through a single effective knob Fig.4.8. Paper plates

satisfy the same drag–weight relation as samaras but at higher effective CD and lower V ,

consistent with weaker or intermittent leading–edge vortices and a larger contribution of

pressure drag to vertical support Fig.4.4. Natural seeds achieve lower effective coefficients

by sustaining vortex–augmented lift that preserves autorotation across environmental vari-

ability, explaining faster descent at comparable area without loss of passive stability Fig.4.4.

Perturbation tests reinforce this picture: added nutlet mass and trailing–edge ablation elicit

compensatory shifts in ω and θ while preserving the helical trajectory, yielding near–linear

trends in normalized velocity ratios and demonstrating wide stability margins for rolling

species with distributed mass and for maple species that adjust cone angle and spin to

maintain equilibrium Fig.B.1.

The framework developed here is predictive and portable. Geometry chooses operating

points in (Re, I∗), fixes stiffness–like behavior through V/(c rp), and sets the helix pitch

through χ, enabling quantitative links from shape to residence time aloft and lateral mean-

der under realistic winds Fig.4.8. Ecological models of dispersal can absorb these compact

variables to connect morphological variation to transport kernels without abandoning mech-

anistic fidelity, while seed–inspired autorotors can target the spiral–tumbling band and tune

(S/c)b to command rp and θ without sacrificing passive stability Fig.4.5. Direct tomo-

graphic flow visualization and controlled center–of–mass and planform perturbations consti-

tute the natural next step (see Appendix D), resolving the topology of the leading–edge

vortex during coupled rolling–precession and mapping stability boundaries under gusts so

that kinematic scalings can be tied unambiguously to wake structure.
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Chapter 5

Samaras are robust to dynamic perturbations

5.1 Samaras recover after impact with raindrops

5.1.1 Collisions with various samara regions govern impact dy-

namics

The impact zone onto which a raindrop connects with a samara determines the dynamic

response, such as the coning angle θ, and peak post-impact descent velocity ẏm and rate-

of-change of coning angle θ̇m, thereby influencing recovery distance and the drop shedding

mechanism (Section 5.1.2). A lab frame recovery distance y is measured by referencing the

location of the nutlet tip at impact t = 0 and after recovery. We report ‘corrected’ values

of distance to represent a natural recovery, such that L = V τ − y, where τ is the time from

impact to recovery.

We segment the samara into five impact zones, shown in Fig.5.1a. Samaras respond to

drop impacts on the nutlet by increasing the coning angle, as pictured in Fig.5.1b. We

plot the vertical displacement y of samaras upon impact, with respect to the laboratory

frame, in Fig.A.10. Impacts on the nutlet push our samaras downward y < 10 cm while

increasing θ < 25◦. The corresponding corrected recovery distance L is plotted vs θ̇m in

Fig.5.2a. Impacts onto the nutlet region produce the greatest positive peak pitching rate
¯̇θm = 8± 4 rad/s and slowest observed post-impact descent velocity ¯̇ym = 31± 18 cm/s, as

seen in Fig.5.2b. A low ẏm ensures the shortest average recovery distance for nutlet impacts

of L̄ = 23± 6 cm. Upon impact the largest second moment of inertia samaras in our study,

A. negundo, rotate most slowly, and the most massive samaras, A. floridanum, exhibit the

most gradual change in descent velocity.

Impacts on the root, very near the samara center of mass (COM)24,91, push the samara

downward with relatively little rotation, as pictured in Fig.5.1c. The initial rotation can be

either an increase or decrease in θ, dependent on which side of the center of mass the drop

strikes. The average angular velocity post-impact is ¯̇θm = 1±12 rad/s (Fig.5.2a), further

highlighting the pushing, rather than rotating role the drop plays in this impact region.

Despite low initial rotation from stasis, the samara seemingly over-corrects its coning angle

after separation from the drop, as shown in the second row of Fig.A.10. The root region of

the samara is relatively small such that impacts near the leading or trailing edge result in
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Figure 5.1: Samara impact regions and responses to impacts. (a) Seed regions, center of mass
(COM). (b) Nutlet (c) Root (d) Wing (e) Wingtip and (f) Spine. Image sequences correspond to
the response after impact with drops.

a rapid roll-off of the drop and small y, whereas more centered impacts cause the drops to

splash and push the seeds downward y ≈ 40 cm in our tunnel. The large range of y for root

impacts corresponds to a wide distribution in L and ẏm, shown in Fig.5.2b.

The samara responds to impacts on the wing trailing edge by rolling the samara along

its long axis, shown in Fig.5.1d. In contrast to other regions, the coning angle change for

on-wing impacts is characterized by a more slight change followed by a slower return to an

autorotation angle, shown in the third row of Fig.A.10. A post-impact value of ¯̇θm = 3± 8

rad/s (Fig.5.2a) emphasizes that the rolling motion of the samara is less disruptive to the

coning angle than impacts onto any other region. The average descent velocity induced

by these impacts at ¯̇ym = 68 ± 28 cm/s, is the second highest among the impact regions,

indicating that impacts in this area lead to relatively rapid downward acceleration. A high ẏm

resulted in samaras being pushed downward y = 30 cm in the lab frame, and a corresponding

corrected recovery distance L̄ = 50± 16 cm.

The wingtip, being the farthest point from the center of mass, experiences impacts that

cause the samara to undergo the most significant θ̇m and ẏm. Upon impact, the samara

responds by decreasing the coning angle θ, as schematized in Fig.5.1e. Impacts in the

wingtip region exhibit the largest change in coning angle, as shown in row four of Fig.A.10.

As a result of the abrupt change in coning angle, the wingtip region exhibits the largest

negative angular velocity among the impact regions, averaging ¯̇θm = −20± 14 rad/s, seen in

Fig.5.2a. The large angular velocity ¯̇θm corresponds to a high post-impact descent velocity

¯̇ym = 85±22 cm/s, shown in Fig.5.2b. Both the large angular velocity and high post-impact

descent velocity result in the furthest corrected recovery distance of the samara regions at
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Figure 5.2: Samara velocities post drop impact corresponding to recovery distance L. (a) coning
angle velocity θ̇. (b) post-impact descent velocity ẏm. The legends in both panels apply to the
entire figure.

L̄ = 79± 26 cm.

Spine impacts occur when the leading edge of the samara wing intersects the drop during

autorotation, much like a fan blade clipping a careless finger, as depicted in Fig.5.1e. Spine

impacts reduce the coning angle and rapidly slow rotation. The reduction in coning angle is

evident in both A. ginnala and A. floridanum, however, A. negundo displays a less dramatic

change in coning angle shown in the last row of Fig.A.10. Lateral impacts on the spine

produced high coning angle rates of change ¯̇θm = −15 ± 18 rad/s, but shorter recovery

distances compared to other impact regions with similar high coning angle velocities, as

shown in Fig.5.2a. Despite the relatively high angular velocity, ¯̇ym = 48 ± 26 cm/s is

comparable to the root and wing regions (Fig.5.2b) and the recovery distance L̄ = 29± 12

cm remains short. The absence of raindrop adhesion to the spine relieves the samara from

the need to shed the drop to resume autorotation and contributes to their rapid recovery.

While raindrops fell at U+V = 433±40 cm/s, drops can fall faster, sometimes exceeding130

900 cm/s. To address the proverbial white elephant presented by this disparity in drop speed,

we perform 6 experiments with a greater release height to generate corrected impact speeds

of U + V = 782 ± 84 cm/s. These higher-speed impacts demonstrate that samaras do

recover autorotation and do so without damage. We plot image sequences of a wingtip

and nutlet impact by a high-speed drop in Fig.A.11. At U + V = 820 cm/s, an impact

on a A. ginnala wingtip required a recovery distance of L̄ = 39 ± 21 cm, a decrease from

lower-speed impacts. The high-speed fragmenting impact depicted in Fig.A.11b required

an L̄ = 21± 7 cm, similar to those at lower speeds. We rationalize comparable and shorter

recovery distances by noting the timescale of impact ∼D/U ; the shorter contact and samara
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disruption times imposed by faster drops balance their higher impact force. As discussed in

Section 5.1.2, higher impact speeds are more likely to induce fragmentation, a more favorable

outcome for samara recovery than an intact drop that pushes the samara.

5.1.2 Samaras shed drops to return to autorotation

Samaras recover autorotation only after separation from the impacting drop. We observe

four principal means of drop shedding that can be singly witnessed or executed in series. We

categorize these shedding modes as splashing, roll-off, spin-off, and slicing of the drop. We

present shedding modes and their associated impact regions by plotting the recovery distance

magnitude (L/S) vs the mass ratio (ms/md) in Fig.5.3. All shedding modes occur across the

entire experimental range of md/ms, indicating that the occurrence of each shedding mode is

more dependent on impact dynamics than the intrinsic properties of the samara-drop pair.

We also observe that L/S is set by the shedding mode, indicating that the time to shed the

drop is critical for a rapid return to autorotation.

We rationalize the trends plotted in Fig.5.3 considering the momentum of the samara in

the lab frame following impact and the drag impulse bringing it back to stable levitation,

msẏm ∼ ρaCDA(ẏm + V )2τ. (5.1)

The air density ρa and drag coefficent11 CD are effective constants, and the sum (ẏm + V )

is representative of the airspeed past the samara as it recovers. The post impact descent

velocity ẏm ∼ Umd/(ms +md) and the recovery time τ ∼ L/(ẏm + V ), where the shedding

mode and subsequent deceleration of the samara set the prefactor for τ . In our experiments,

U and V are functionally constant when compared to other impact variables. Our previous

work11 shows samaras obey allometry, such that ms ∼ A3/2 ∼ S3. Removing constants and

making appropriate substitutions into Eq. (5.1) yields,

L/S ∼
(
C
ms

md

+ 1

)−1

, (5.2)

where C ∼ (1 + V/U)−1 is a constant for a particular shedding mode. Eq. (5.2) reveals

that the naturally disturbed falling distance of a raindrop-samara is governed by md which

is related to the terminal raindrop speed131 (U). We fit Eq. (5.2) per shedding mode in

Fig.5.3 and find good agreement (correlation coefficient, R2=0.74-0.92) with our data. At

the hypothetical extreme of an unnaturally large drop or unnaturally small samara, the

prediction in Eq. (5.2) approaches its O(10) scaling prefactor, perhaps presenting a prediction

failure. It is unclear if such an unnaturally minuscule samara, or another small, passive mass

59



A. floridanumA. ginnala A. negundo

*

Impact Regions

Wingtip

. Nutlet

x Root

Wing

+ Spine

Shedding Modes

Splash

Slice

Roll

Spin

Figure 5.3: The relationship between the recovery ratio L/S and mass ratio md/ms. Each data
point is labeled according to the region of impact (inner symbol) and shedding mode (outline).
Lines of best fit for each shedding mode are provided for visual reference only.

with a similar water repellency, could generate sufficient aerodynamic drag to separate from

the raindrop54,117,132.

Fragmentation

We define fragmentation as the breakup of the drop mass at impact via splashing or by being

sliced by the samara wing. Splashing in our tests occurs only for nutlet and root impacts.

In these regions, the samara is least compliant and not readily pitched. Despite the drop

losing more kinetic energy during splashing than other shedding modes, L/S for splashing

is the shortest, with an average recovery distance L̄ = 20± 10 cm. We posit the lower L/S

is a result of flight disruption that is favorable toward autorotation, namely a larger, rather

than lesser, coning angle with minimal long-axis roll. Splashing also ensures a relatively

shorter contact time between samara and drop. The stereotypical splashing event pictured

in Fig.5.4a shows samara-drop contact lasting ∼10 ms. During this contact period, rotation

does not stop, a characteristic of this mode seen in Fig.5.4b.

The theoretical boundary between pushing and splashing impacts plotted in Fig.2c pre-

dicts all our experimental samaras will induce raindrop splashing, but the onset of splashing

is more complex than energetics can predict. Splashing is a function of drop size and speed,
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surface tension σ, surface roughness, and curvature133–138. Samara texture, curvature, and

impacts that spread beyond the surface of the samara promote fragmentation. Quetzeri-

Santiago et al(2019) provide a simple relation for predicting the impact velocity at the onset

of splashing,

β ≈ 2.22

tanα

µ
1/2
g (ρDU5)1/6

σ2/3
, (5.3)

where the value of β ≈ 0.09 is chosen based on an initial advancing contact angle of 115±5.3◦

(Section 2.3), α = 60◦ from previous studies, and µg is the viscosity of air. Eq. (5.3) predicts

fragmentation for U > 268 cm/s for vertically static samaras in our tunnel, a value that

explains our observations of fragmentation. However, drops often do not fragment. Maple

samaras can roll and pitch on impact, reducing the effective impact velocity below the

fragmentation threshold.

A spinning samara does not always encounter drops from above and like a spinning fan,

can slice a passing drop into two or more pieces, as pictured in Fig.5.4c. The small contact

area of the drop with the samara promotes rapid shedding in 10 ± 6 ms. The collision

temporarily halts autorotation, causing the wingtip to dip downward. The samara falls a

distance of L̄ = 31 ± 8 cm before regaining stable autorotative motion, as illustrated in

Fig.5.4d. Unlike samaras that cause splashing, those slicing a drop experience a longer

disruption and falling distance, which we attribute to the need for aerodynamic forces to

reverse the coning angle to a positive value.

Shedding by roll and spin

Impacts onto the samara wing, do not fragment the impacting drop over the range of impact

speeds we test. Non-fragmenting drops must be shed by the disparate motion of the drop and

samara. Often, these impacts cause the samara to roll about its long axis, thereby yielding

to the falling drop and resulting in a short contact time between the two bodies of 9± 2 ms.

A samara roll is photographed in Fig.5.4e. Samaras from all three test species undergoing

shedding by roll were observed to fall an average corrected distance of L̄ = 50± 16 cm. The

samara falls at the rolled position until resuming stable autorotation, as seen in Fig.5.4f.

If a drop is unable to roll a samara, likely due to impacting too near its long axis, the

drop adheres to the samara wing whilst the samara tends back toward autorotation. Samara

rotation imparts centrifugal forces onto the drop to break the drop-wing adhesion, an event

pictured in Fig.5.4g. Despite the acceleration of the samara downward during impact,

rotation is not interrupted, as shown in Fig.5.4h. These impacts generate relatively longer

contact times of 270 ± 18 ms and an average recovery distance of L̄ = 71 ± 12 cm. The

samara sheds the drop when the centrifugal force exceeds the adhesive force between the
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Figure 5.4: Shedding modes. Fragmentation: (a) Aggregated image sequence of an A. ginnala
exhibiting the splashing shedding mode. (b) Three-dimensional track of the A. ginnala depicted
in (a). The wingtip draws a larger helical path than the nutlet. Slicing: (c) Aggregated image
sequence of an A. ginnala slicing a falling drop with the samara spine. (d) Three-dimensional
track of the A. ginnala depicted in (c). The impact of the wing spine near the wingtip slows
the wingtip to invert the samara momentarily. Shedding by samara roll. (e) Aggregated image
sequence of an A. floridanum exhibiting the samara roll shedding mode. (f) Three-dimensional
track of the A. floridanum depicted in (e). The raindrop impact flattens the coning angle and
slows autorotation. Shedding by samara spin: (g) Aggregated image sequence of an A negundo
samara shedding a drop via centrifugal acceleration. (h) Three-dimensional track of the A. negundo
depicted in (g). Shedding the drop centrifugally creates the greatest vertical displacement before
drop shedding. The shaded regions in the plots correspond to the image sequences.

drop and the samara,

ω >

√
15.12σ cos θe

ρD2S
(5.4)

where ρ is density of water, σ is the surface tension of water , and θe is the equilibrium

contact angle. If we assume the drop sits a distance S/2 from the axis of rotation and the

drop atop the is hemispherical, Eq. (5.4) predicts ω > 6.3− 8.4 rad/s to shed the drop. We

measure the rotation rate to expel drops to be ω > 7.9− 12.1 rad/s.
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Sessile drops

Samaras released from their parent tree are subject to environmental moisture such as rain

and dewfall before release, much like similarly sized natural flyers54,116,117,139 and gliders. We

recreate this scenario by placing drops onto various parts of the samara—nutlet, root, wing,

and wingtip—and releasing the samaras into the wind tunnel. All test samaras are able

to shed deposited drops and initiate autorotation. The distance each samara falls before

shedding the drop is shown in Fig.A.12. Surprisingly, drops placed closest to the axis

of rotation are shed most quickly, highlighting the importance of mass distribution on the

rotation dynamics in the first moments of flight.

5.1.3 Probability of impact

The influence of rainfall on samara dispersal is incomplete without a notion of how often

raindrop impacts on descending samaras occur. Impacts are probabilistic and are informed

by rainfall distribution, samara size, and time in flight. Below we present a probability model

that is readily adapted to autorotating or otherwise descending seeds of any permutation

across a broad range of precipitation conditions. Our model demonstrates that samaras

released from the tallest trees in moderate to heavy rainfall are very likely to encounter a

falling raindrop.

A raindrop may impact a samara from above or “sliced” by the leading edge of a rotating

samara. The total probability of either interaction can be expressed as

P = P1 + P2 − P1P2, (5.5)

where P1 is the probability of a raindrop impacting the samara from above, and P2 is the

probability of the samara slicing a raindrop.

The plan view impact area Aimp,1 is the area occupied by the autorotating samara that if

the center of mass of a raindrop were to pass an impact would result, shown in Fig.5.5a:

Aimp,1 = (A+ pD) cos θ ≈ (A+ 2SD) cos θ, (5.6)

where the samara perimeter p ≈ 2S. The average time interval between raindrops passing

through Aimp,1 for a given rainfall intensity I is

t̄1 =

A

IAimp,1

, (5.7)

where

A

= πD3/6 is the volume of the average raindrop with an associated I. The ratio of
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Figure 5.5: Samara impact regions for (a) impacts from above (b) l for determining τ (c) slice
impacts. (d) Probability of raindrop impact onto a samara for increasing branch heights with fixed
I = 7.5 mm/hr and D = 3.88mm. (inset) Probability ratio P2/P1 for increasing heights H.

flight times between raindrop and samara t̄ provided a rate parameter,

λ1 =
H

V t̄1
. (5.8)

From Poisson’s equation, the probability of at least one impact from above is given by

P1 = 1− e−λ1 . (5.9)

Drops sliced by the samara must occupy a volume that can be impacted by the rotating

wing. To simplify the calculation of P2, we assume no lateral drift of the samara and define

the relative velocity between falling drop and samara as V̆ = U − V . We assume that only
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the bottom of the drop can be struck, as once the drop passes its halfway point, it will no

longer occupy a volume that can be intersected by the rotating wing–as it falls away too

quickly. The time the samara resides in the slice zone is

ψ = l/V̆ =
D(tan θ + 1)

2V̆
, (5.10)

where ℓ is depicted in Fig.5.5b. The samara slices through the slice zone every T = 2πω−1

s, where ω is the angular velocity of the samara. The probability a drop will fall in reach of a

slicing samara is defined similarly to P1, but with a modified impact area shown in Fig.5.5c,

Aimp,2 = π

(
S cos θ +

D

2

)2

. (5.11)

Thus, a rate parameter for a slice is λ2 = H/(V t̄2), where t̄2 =

A

/(IAimp,2). The probability

of a slice is

P2 =
ψ

T

(
1− e−λ2

)
. (5.12)

We plot P versus H in Fig.5.5d, with a fixed D = 3.8 mm, U = 50 cm/s, and I = 7.5

mm/hr and samara characteristic values A, S, θ, and Vd taken from literature11. While

rain has a vast array of intensities and drop size distributions,140 our model demonstrates

that samaras dispersing in heavy storms are not unlikely to be struck by rain. There are

no intersecting curves in Fig.5.5c, indicating that the sorting of probability curves at any

H is set by A, and to a lesser degree, V . As branch height increases, the variation in P

between the smallest and largest samaras widens. As branch height increases beyond what

natural trees exhibit, all probability curves asymptotically approach unity. For the rainfall

conditions assumed in Fig.5.5c, the branch height that produces the most discrepancy across

samara size is 9.92 m. While impact probability increases with H, our probability model

indicates that morphological characteristics of samaras at they relate to raindrop impacts

become less critical for the tallest trees. The ratio of P2/P1 = 0.04 − 0.11 indicates that

the probability of impact from above is higher than a slice, seen in Fig.5.5e. Species with

higher ratios11 like A. floridanum, A. negundo, and A. macrophyllum are significantly more

likely to experience overhead impacts compared to slice impacts, a direct correlation to their

larger wing structures.
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Figure 5.6: (a) Lateral displacement ∆x versus vertical displacement ∆y for all samaras at wind
speeds of 1 m/s, 3 m/s, and 5 m/s. (b) Representative tracked movement paths of samaras at
each wind speed, illustrating increased lateral drift and reduced vertical fall with stronger crossflow.
A. ginnala samaras are in black while L. tulipifera samaras in orange.

5.2 Rolling samara response to a concentrated cross-

wind

The present study investigates kinematic and aerodynamic responses of rolling samaras

falling through lateral gusts. We quantify crosswind-driven changes in rolling-samara kine-

matics and transport, integrate empirical measurements into dispersal distributions, and

compare outcomes with autorotating Acer samaras. Controlled experiments at crosswind

speeds U = 1, 3, 5 m s−1 observed with high-speed tracking yield detailed measures of lateral

and vertical motion, trajectory tilt, projected area, and drag characteristics during flight.

We investigate the aerodynamic response of rolling samaras from three species—F. ameri-

cana, F. excelsior, and L. tulipifera—to concentrated lateral wind disturbances. Each species

is experimentally represented by 10 samaras, with three replicate flights recorded under both

still-air and crosswind conditions. In still air, all specimens roll about their spanwise axis69

while helically processing downward, maintaining steady descent characterized by periodic

oscillations in wing orientation and angle of attack. When exposed to crosswind, samaras

experience transient aerodynamic perturbations, leading to changes in trajectory, roll fre-

quency, and lateral displacement. We present detailed kinematic and morphological analyses

to quantify crosswind-induced responses across species by measuring lateral displacement,

drift angle, and the time and distance required for re-stabilization of the descent trajectory.
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We track the position of five rolling samaras from F. americana, F. excelsior, and T. tulip-

ifera, and five non-rolling samaras from A. ginnala, exposed to a steady, laminar crosswind.

All samaras exhibit stable autorotation prior to crosswind exposure. We define stable de-

scent as motion during which the vertical velocity varies by less than 5% over a 0.5-second

interval, and the rotational axis remains within ±10◦ of the mean coning angle for a duration

spanning at least three full revolutions. Our laboratory crosswind pushes samaras laterally

∆x, measured by averaging the x-positions of the nutlet and wingtip before entering and

after exiting the lateral jet.To operationally define the onset of lateral drift, we identify the

interval during which the center-of-mass trajectory shows a net lateral displacement exceed-

ing 3S/4, where S is the wingspan of the samara. Using this threshold provides a consistent

reference point for measuring displacement, even without precise knowledge of the horizontal

extent of the crosswind jet. The threshold is selected to surpass the typical processional os-

cillations, thereby indicating a sustained drift rather than oscillatory motion. The endpoint

of ∆x is defined as the point where lateral drift falls below 3S/4, marking the return to

stable, vertical autorotation.

We plot ∆x versus ∆y, the vertical distance traveled while exposed to the lateral jet,

for all samaras released into three different jet speeds in Fig.5.6a. At a jet speed U of

1 m/s, A. ginnala samaras exhibit horizontal displacements of ∆x ≈ 20–25 cm with vertical

descent distances of ∆y < 90 cm. In contrast, rolling samaras descend to ∆y ≈ 85–90 cm

while reaching ∆x ≈ 25–35 cm. A. ginnala samaras descend along trajectories tilted more

than 10◦ from vertical and exhibit minimal lateral drift (∆x < 25 cm), whereas rolling

samaras follow arcing center-of-mass trajectories that gradually deviate laterally, reaching

displacements of up to ∆x > 40 cm, as shown in Fig.5.6b.

As crosswind speed increases to 3 m/s, horizontal displacement increases across all species

to ∆x ≈ 35–55 cm, while vertical descent distances remain similar, ∆y ≈ 90–110 cm.

A. ginnala samaras exhibit horizontal displacements of ∆x ≈ 30–40 cm and vertical de-

scent distances of ∆y ≈ 90–95 cm. Rolling samaras exhibit horizontal displacements of

∆x ≈ 35–50 cm and vertical descent distances of ∆y ≈ 95–110 cm. Interspecific differences

in descent response become more pronounced at this crosswind speed. A. ginnala samaras

descend only slightly farther than they do at 1 m/s, resulting in modest increases in both

lateral and vertical displacement. In contrast, rolling samaras continue to travel laterally

while descending more steeply, following arcing trajectories, as illustrated in Fig.5.6b.

At a crosswind speed of 5 m/s, horizontal displacement increases across all species, with

rolling samaras reaching ∆x ≈ 55–65 cm. Vertical descent distances also increase for rolling

samaras, ranging from ∆y ≈ 112–128 cm. Interspecific differences are most pronounced at

this wind speed. A. ginnala samaras exhibit shallower vertical descent, with ∆y ≈ 105±5 cm,
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and reach lower horizontal displacements of ∆x ≈ 40–55 cm. Under higher wind speeds,

Acer samaras exhibit slightly increased vertical travel distances ∆y ≈ 90 cm but maintain

relatively straight and vertical trajectories, with tilt angles less than 10◦ and lateral-to-

vertical displacement ratios ∆x/∆y < 0.35. In contrast, rolling samaras continue to drift

laterally as they descend, following more arcing trajectories characterized by larger tilt angles

(up to 25◦) and higher displacement ratios (∆x/∆y > 0.45), as shown in Fig.5.6b.

We adopt the dimensionless ratio U/vtip to classify aerodynamic regimes, where U is

the crosswind velocity and vtip = ωpS cos θ represents the axial tip speed of the samara

wing—defined as the linear velocity of the wingtip. The formulation builds on the framework

introduced by Niu et al.14. Experimental wind speeds of 1, 3, and 5 m/s are selected to span

the inertia-dominated regime (U/vtip < 1), transitional regime (U/vtip ≈ 1), and crosswind-

dominated regime (U/vtip > 1).

The relationship between U/vtip and the displacement ratio ∆x/∆y for all samaras is

shown in Fig.5.7a. The displacement ratio ∆x/∆y describes the net trajectory slope in the

x–y plane, expressing lateral displacement relative to vertical fall distance. The relationship

between the dimensionless tip speed ratio U/vtip and the lateral-to-vertical displacement

ratio ∆x/∆y is shown in Fig.5.7a. The displacement ratio does not exceed unity. In

the inertia-dominated regime, defined by vtip ≫ U , samaras maintain displacement ratios

∆x/∆y ≈ 0.30. All samaras under 1-m/s crosswind and A. ginnala experiencing 3-m/s lie

within the inertial regime.

When the crosswind exceeds the tip velocity (U/vtip > 1), the combined flow experi-

enced by the samara becomes increasingly oblique, tilting away from vertical. The lift vec-

tor adjusts accordingly, increasing its lateral component and enhancing crosswind-induced

drift. Within the intermediate range 1 < U/vtip < 2, the displacement ratio increases to

∆x/∆y ≈ 0.40–0.50 across species. Under these conditions, samaras from A. ginnala at

5 m/s and rolling samaras at 3 m/s exhibit lateral-to-vertical displacement ratios within the

observed range of ∆x/∆y ≈ 0.40–0.50. When the crosswind exceeds twice the tip velocity

(U/vtip > 2), lateral forces dominate, producing the highest observed displacement ratios of

∆x/∆y > 0.5, particularly in rolling samaras. Previous experiments on Acer samaras sub-

jected to concentrated gusts reported significant drift, stalling, and tumbling behaviors14.

Such instabilities primarily occurred when U/vtip > 1.6, where crosswind loading overwhelms

autorotation and inhibits passive recovery. In contrast, rolling samaras in our experiments

exhibited large lateral excursions under high wind speeds while maintaining coherent rota-

tion.

Rolling samaras autorotate while also undergoing spanwise rotation along their longitu-

dinal axis33. We define the edge velocity vedge as the combined effect of autorotation and

68



a b

F. excelsiorF. americana L. tulipifera

1 m/s

3 m/s

5 m/s
A. ginnala

Figure 5.7: ∆x/∆y vs the tip-speed-normalized crosswind velocity. In (a) tip speed vtip is based
on precessional rotation, and in (b) tip speed vedge is based on rolling rotation.

rolling motion, given by vedge = ωpS cos θ+ωrc/2 where S is the span, c is the chord length,

and θ is the coning angle. The first term represents the tip speed from autorotation, while

the second accounts for edge motion induced by rolling about the spanwise axis.

The relationship between this rolling-based edge velocity and crosswind forcing is shown

in Fig.5.7b. When vedge is used in place of autorotational tip speed, all samaras remain

within the inertia-dominated regime U/vedge < 1 across all tested wind speeds. Extrapola-

tion indicates that wind speeds exceeding 10 m/s would be required to reach transitional

aerodynamic behavior, and speeds above 20 m/s would be needed to enter a crosswind-

dominated regime. Even at the maximum wind speed tested in our tunnel 22 m/s, no drop

mode or autorotational breakdown is observed in rolling samaras (see Supplemental M1).

5.2.1 Crosswind tilts and stretches the helical samara path

Rolling samaras descend through a combination of spanwise rotation and azimuthal preces-

sion. The center of mass follows an approximately helical path, similar to that of freely

falling parallelograms37 and Acer samaras. In still air, the axis of precession aligns with

gravity, producing a vertically oriented helix described by

r⃗(t) =

αS sin(θ) cos(ωpt)

αS sin(θ) sin(ωpt)

Vyt

 , (5.13)
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Figure 5.8: Comparison of helical trajectories for rolling samaras in still air and under crosswind.
(a) In still air, the center of mass follows a vertically oriented helix with consistent lateral amplitude
R, precession rate ωp, and descent velocity Vy. (b) Under crosswind, the helix tilts by an angle
γ, increasing lateral drift while modifying precession symmetry. Blue and red curves mark tracked
spanwise extremities. Insets show top and side views of the samara and the tracked endpoints.

where ωp is the precession frequency, Vy is the vertical descent velocity, S is the wing span,

and θ is the coning angle11. The parameter α denotes the spanwise location of the center

of rotation from the nutlet, typically between 0.3 and 0.5 depending on species-specific

morphology33,141. A representative vertical helical trajectory is shown in Fig.5.8a.

In the presence of crosswind, the precession axis tilts away from vertical by an angle γ,

resulting in lateral drift of the center of mass. The tilt angle is estimated from trajectory

data as

γ = tan−1

(
∆x

∆y

)
. (5.14)

To account for crosswind-induced reorientation, the helical model is modified by rotating

the trajectory about the x-axis by γ. The resulting path becomes

r⃗U(t) =

 αS sin(θU) cos(ωp,U t)

αS sin(θU) sin(ωp,U t) cos(γ)− Vy,U t sin(γ)

αS sin(θU) sin(ωp,U t) sin(γ) + Vy,U t cos(γ)

 , (5.15)

where θU , ωp,U , and Vy,U denote the coning angle, precession frequency, and descent speed

under crosswind conditions. A representative crosswind trajectory is shown in Fig.5.8b.
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The reorientation of the descent trajectory under crosswind modifies the structure of the

helical path by stretching it and changing key kinematic quantities. Vertical descent speed Vy

increases, precession frequency ωp decreases, and coning angle θ widens. Kinematic variables

measured under crosswind are denoted with subscript U . A lateral Reynolds number is

defined as ReU = ρUS/µ, where ρ is the air density and µ is the dynamic viscosity of

air. The tilt angle γ increases systematically with ReU , rising from roughly 0.25–0.4 rad

at ReU ≈ 2,000 to nearly 1 rad at ReU ≈ 10,000, as shown in Fig.5.9a. Low ReU values

correspond to minimal reorientation, intermediate values (4,000–8,000) show steady growth

in tilt, and the largest values suggest a plateau that may be limited by geometric stability or

the balance between lateral and vertical drag. Because ReU scales directly with crosswind

speed, the observed trend confirms that stronger crosswinds tilt the descent axis, producing

arcing trajectories, greater lateral displacement, and faster descent.

The ratio θU/θ increases with tilt γ, showing a tightening of the helical cone as the

path reorients away from vertical, as shown in Fig.5.9b. An analogous response occurs

in parachutes, where partially restricting the lower edge of the canopy during flight draws

the perimeter inward, steepens the cone, and reduces the effective flare radius142,143. Super-

sonic parachute studies further show that the angle of the inflated cone and its projected area

decrease as flow intensity increases, and partial collapses often initiate at the lower edge142,

both behaviors consistent with a cone that tightens under greater lateral forces. Computa-

tional fluid–structure interaction simulations confirm that the geometry of the inflated cone

is highly sensitive to the degree of restriction at the lower edge143, providing a direct physical

analogy for the observed rise in θU/θ at larger γ.

The ratio ωp,U/ωp decreases with increasing γ, showing that precessional motion slows as

the trajectory becomes more tilted, as shown in Fig.5.9c. At low tilt, precession remains

relatively stable, but beyond γ ≈ 0.4 a marked reduction occurs, particularly for trials

with the largest tilts. Similar to the mass-alteration experiments in11, where more rapidly

rotating samaras descended with a flatter cone angle, the reduced precessional velocity here

corresponds to a tightening of the helical cone as shown in Fig.5.9b. In both cases, changes

in angular motion alter the coning geometry in a way that influences descent stability and

aerodynamic performance. The slowdown in precession at high tilt not only compresses the

cone but also suppresses the azimuthal sweeping motion, reducing the stabilizing effects of

precession.

Samaras descend more rapidly under crosswind and with increasing tilt angle γ, as shown

in Fig.5.9d. The increase in vertical speed is consistent with the geometric tightening of

the cone as shown in Fig.5.9b. The reduction in precessional velocity, both of which limit

the ability of the wing to maintain a large vertical drag area as shown in Fig.5.9c. Tilting
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the cone reorients the lift vector away from opposing gravity.

F. excelsiorF. americana L. tulipifera

1 m/s

3 m/s

5 m/s

a b

c

d

Figure 5.9: Crosswind-induced tilt and its influence on samara descent kinematics across species
and wind speeds. (a) Crosswind-based Reynolds number ReU versus tilt angle γ. (b) Coning angle
ratio θU/θ versus tilt angle γ. (c) Precession frequency ratio ωp,U/ωp versus tilt angle γ. (d)
Vertical descent velocity ratio Vy,U/Vy versus tilt angle γ.

Helix geometry determines both the balance of vertical and lateral center of mass velocity

components and the magnitude of spanwise rolling. Rolling samaras act as passive energy

converters, transforming gravitational potential energy into translational motion of the center

of mass and spanwise rotation about the longitudinal axis. The relative partitioning between

these modes is set by the helix geometry and further influenced by crosswind through its

effects on descent speed, precession rate, and cone angle. Expressing the motion in terms

of kinetic energy provides a quantitative framework for assessing how crosswind alters the
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fraction of gravitational energy retained in mechanical motion versus dissipated through

aerodynamic interactions.

The total kinetic energy per unit mass in steady descent is given by

ke =
1

2

(∥∥∥∥dr⃗dt
∥∥∥∥2 + Iω2

r

m

)
, (5.16)

where dr⃗
dt
is the instantaneous velocity of the center of mass derived from the helical trajectory,

I is the moment of inertia about the spanwise axis as defined in Schaeffer et al.69, and ωr.

The helical path r⃗(t) captures only the center of mass motion and does not account for rolling

energy, necessitating the inclusion of the Iω2
r/2 term. Total kinetic energy per unit mass of

samaras decreases with increasing Reynolds number based on crosswind velocity, indicating

that despite greater lateral forcing, the energy retained in translational and rotational motion

becomes increasingly constrained at high ReU values as shown in Fig.5.10a.

The difference between a hypothetical maximum energy, defined as the sum of still air

kinetic energy and the translational energy the samara would adopt if it were traveling at

the crosswind speed, and the observed kinetic energy during crosswind descent is given by

∆ke =
1

2

(∥∥∥∥dr⃗dt
∥∥∥∥2 + Iω2

r

m

)
+
U2

2︸ ︷︷ ︸
Theoretical Maximum

− 1

2

(∥∥∥∥dr⃗Udt
∥∥∥∥2 + Iω2

r,U

m

)
︸ ︷︷ ︸

Measured

. (5.17)

We plot the difference ∆ke against ReU in Fig.5.10b. The gap between the theoretical max-

imum and actual energy grows substantially with Reynolds number, revealing that samaras

extract a diminishing fraction of available energy under strong crosswind.

Although the center of mass trajectory r⃗(t) captures geometric features of the descent,

it does not encode information about the surface area A, which governs aerodynamic drag.

Crossflow reorients the surfaces exposed to aerodynamic forces. To approximate the pro-

jected areas that modulate lateral and vertical forces, analytical expressions are used. The

lateral projected area, normal to the crosswind direction and averaged over a full precessional

cycle, is given by

Ax =
A sin(θU)

2
cos(γ) +

A cos(θU)

2
sin(γ), (5.18)

and the vertical projected area becomes

Ay =
A cos(θU)

2
cos(γ) +

A sin(θU)

2
sin(γ). (5.19)

The expressions depend on the coning angle θ and crosswind-induced tilt γ, but must be
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Figure 5.10: Total kinetic energy potential of samaras across crosswind conditions. (a) Kinetic
energy per unit mass ke, and (b) the difference between a theoretical maximum and observed
kinetic energy ∆ke versus ReU .

specified independently of r⃗(t), since r⃗(t) is agnostic of surface orientation.

The projected areas are used to estimate the aerodynamic drag coefficients in the vertical

and lateral directions. The vertical drag coefficient under crosswind is expressed as

CD,y =
2mg

ρV 2
y Ay

, (5.20)

where Vy is the vertical descent velocity, ρ is air density, and Ay is the vertically projected

area. The lateral drag coefficient is computed from observed lateral displacement ∆x as

CD,x =
2m∆x

ρU2Axτ 2
, (5.21)

where U is the crosswind speed and τ = L/Vy is the descent time over jet thickness L.

Aerodynamic drag has been discussed in previous studies of seed descent, where Acer

samaras are often modeled as blunt bodies to characterize their terminal velocity and lift

production11,34,39. Revisiting this framework for rolling samaras enables direct comparison

of vertical drag performance between rolling and Acer samaras. Experimental measurements

of rolling samaras under still-air conditions support the formulation of a vertical drag coef-

ficient CD,y ≈ 7.02, with a coefficient of determination R2 = 0.77, as shown in Fig.5.11a.

Acer samaras, included for comparison using data from11, fall below the rolling trendline,

consistent with their lower mean drag coefficient CD,y ≈ 5.99.
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Building on these still-air measurements, we examine how vertical and lateral drag coeffi-

cients evolve with crosswind-induced changes in descent behavior. Vertical drag coefficients

CD,y decline sharply with increasing Reynolds number, dropping from values above 4 at

low ReU to below 2 at high ReU as shown in Fig.5.11b. Lateral drag coefficients CD,x,

computed from lateral displacement data, exhibit a similar decline with Reynolds number.

Although lateral drag remains consistently lower than its vertical counterpart, the reduction

in CD,x reflects the shrinking projected area normal to the wind as tilt increases Fig.5.11c.

The ratio CD,x/CD,y provides a clearer view of this aerodynamic reorientation as shown in

Fig.5.11d. At low ReU , samaras experience relatively balanced lateral and vertical forces,

with drag coefficient ratios near unity. The ability to take advantage of crosswind diminishes

as crosswind speed increases, and the necessity for such advantage becomes less critical since

higher wind speeds inherently can carry samaras further from the parent tree. Further, high

winds are also associated with updrafts that keep samaras aloft144.

Rolling samaras exhibit a remarkable ability to maintain steady rotation at crosswind

speeds that cause drop-out of Acer samaras. Sustained rotation under these conditions may

take precedence over achieving maximum lateral displacement, particularly at high ReU

where unsteady motion could induce tumbling. The reduction in energy capture from cross-

wind at high speeds suggests that rolling samaras are tuned less for exploiting extreme gusts

and more for consistent performance in variable flow environments. Although crosswind tilt-

ing increases lateral displacement, that advantage is offset by faster descent caused by cone

tightening and reduced precession, which produces diminishing returns in dispersal distance

at high ReU . Consequently, dispersal distance likely peaks at intermediate wind speeds,

creating a non-linear relationship between dispersal range and wind speed similar to pre-

dictions from micrometeorological models of wind dispersal146. Aerodynamic adjustments

under crosswind also reshape the dispersal shadow, as increased tilt streamlines the vertical

profile of descent and concentrates seeds nearer the parent tree, while turbulence increases

variance in dispersal distance147. In contrast to samaras, plumed or parachute seeds such as

dandelions that cannot do not autorotate exploit strong crosswinds by maximizing uplift148.

Ballooning spiders and gliding insects provide another example, dispersing aerially by pas-

sively riding turbulent updrafts149,150. Rolling samaras instead adopt a strategy centered on

maintaining reliable rotation9.
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Figure 5.11: Aerodynamic drag coefficients for rolling samaras in still air and under crosswind
conditions. (a) Vertical drag CD,y scales linearly with weight under still-air conditions, with Acer
samaras from11 included for comparison. (b) Vertical drag CD,y decreases with ReU , indicating
more streamlined vertical flow at higher wind speeds. (c) Lateral drag CD,x also declines with ReU
due to reductions in projected area as tilt increases. (d) The ratio CD,x/CD,y versus ReU .
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Figure 5.12: Strouhal–based scaling of samara dispersal under crosswind. (a) Still-air map of
Reynolds number versus Strouhal number. Acer data is taken from Schaeffer et al. (2024)11.
Rolling samara data is taken from Schaeffer et al. (2025)69. Other points represent data taken
from Ortega et al. (2017)145 (b) ∆x/∆y versus StU . Solid line in (b) indicates the inverse trend
∆x/∆y ∼ St−1

U , with R2 = 0.84.

5.2.2 Crosswind dispersal distance is scaled by the Strouhal num-

ber

Strouhal and Reynolds numbers provide a common framework for comparing locomotor

performance across biological flyers and seeds145,151,152. The breadth of this framework is

illustrated by studies showing that wings not primarily adapted for autorotation, such as

those excised from insects and hummingbirds, can achieve stable autorotation with descent

speeds comparable to samaras145. For autorotators, Strouhal number is expressed in terms

of the rotational frequency ωp, the projected cone radius S cos θ, and the descent velocity

Vy,

St =
ωpS cos θ

Vy
. (5.22)

Both rolling and Acer samaras fall within a Strouhal range comparable to the bird and

insect wing values reported by Ortega et al. (2017)145. Rolling samaras average St ≈ 0.26±
0.02, whereas Acer samaras reach larger values of St ≈ 0.85 ± 0.06. The higher Strouhal

values of Acer samaras reflect their lower descent velocity and higher rotational velocity

compared to rolling samaras. Strouhal values near 0.2 − 0.4 are often linked with stable

leading-edge vortices and efficient momentum exchange in locomotion, suggesting that rollers

operate within a flow regime consistent with efficient lift generation81,151. To place these
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Strouhal values in their flow-regime context, the Strouhal number can be compared with the

Reynolds number Re we define following Ortega-Jiménez et al.145 as

Re =
ρωp(Scosθ)

2

µ
, (5.23)

with ρ and µ denoting the density and viscosity of air. For our samaras, values fall in the

range Re = 103–104, overlapping the regime of many insect flyers153. The Strouhal–Reynolds

map separates rolling samaras and Acer samaras, with rollers occupying lower values and

Acer samaras remaining elevated as shown in Fig.5.12a. Comparison with animal and

insect wings shows that, although not adapted for seed-like rotation, they occupy the same

parameter space.

Still-air Strouhal characterizes quiescent kinematics, not response to crosswind. We con-

sider the lateral and vertical velocities Vx,U = ∆x/∆t and Vy,U = ∆y/∆t in a coordinate

frame moving with the rotating samara, analogous to a parcel of air encountering a fan blade

that is carried by the precessional rotation. The lateral velocity is set by the ambient cross-

wind, Vx,U ∼ U (best fit, Vx,U = 0.86U0.94, R2=0.92). The vertical velocity accumulated over

one precession cycle is controlled by the edge speed that samples the flow, Vy,U ∼ ωpS cos θ.

Solving for ∆x/∆y over one precession period the distance ratio scales as

∆x

∆y
∼ Vx,U

Vy,U
∼ U

ωpS cos θ
=

1

StU
. (5.24)

We plot ∆x/∆y vs the crosswind Strouhal StU in Fig.5.12b. The inverse relation predicted

by Eq. (5.24) provides an R2 = 0.84. Lateral transport is governed primarily by how effec-

tively the edge samples the ambient flow relative to the imposed wind U , rather than by

species-specific morphology.

Adopting the environmental velocity U in place of the still-air normalization Vy,U cap-

tures the coherence of crosswind forcing over a precession cycle and yields a predictive,

performance-based metric for ∆x/∆y. Ecologically, the resulting inverse scaling implies

proportional gains in lateral spread with increasing wind, subject to geometric or stability

limits as cones tighten and ωp adjusts with U . As a complementary view, we examined the

tip-speed ratio U/vtip (Fig.5.7a), which is the inverse of a crosswind-based Strouhal formed

with the tip speed for Acer samaras.

5.2.3 Crosswind responsive kinematics best predict lateral spread

We are not the first to model wind-driven seed dispersal. Classic frameworks have long linked

wind statistics to transport, relating wind strength to travel distance while accounting for
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Figure 5.13: Lateral nondimensional dispersal. (a) Dispersal model including log-normal wind
distribution and measured Vy,U . (b) Model including measured Vx,U/Vy,U .

terminal descent and turbulence65,154,155. The resulting models form the basis of dispersal

predictions, but they can yield biased estimates of lateral displacement because anisotropic

drag and tilt-induced reorientation are not represented explicitly.

The simplest dispersal equation arises from a ballistic argument156, X = HU/Vy, where X

is dispersal distance, H is the release height, U is the crosswind speed, and Vy is the still-air

terminal descent velocity. The form has been widely applied to compare dispersal capacity

among wind dispersed plants71,157–160. Assumptions include constant Vy and uniform U

throughout descent. A. ginnala samaras disperse farther than rolling samaras in this model

because of their lower descent velocity, but the formulation cannot capture behaviors such as

drop-out, which we observed to occur with A. ginnala samaras consistently when U/Vtip >

1.6.

Several extensions of the ballistic argument incorporate aerodynamic interactions such

as drag coefficients141,148. Using measured values of Vy,U under crosswind, the modified

relation becomes X = HU/Vy,U . Average dispersal distances dropped markedly relative

to the ballistic model, reflecting the impact of crosswind-induced acceleration of descent.

However, this substitution still neglects the influence of horizontal drag on the samaras and

the variability of the wind profile.

A further limitation of the ballistic model is its assumption of constant wind. In reality,

wind speed varies with height161,162, and height-dependent profiles U(z) have long been used

to account for this163–167. Following this approach, we let wind speed vary with height and

model the horizontal wind U(z) as lognormal, with the mean set by the vertical profile

and the log-space standard deviation fixed at σln = 0.3. The parameter σln specifies the

variability of wind speeds about the mean profile by treating instantaneous values of U(z) as
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lognormally distributed. At each height z, the mean of the distribution is given by the vertical

wind profile, while σln defines the spread in log-space. Larger σln values produce broader

fluctuations of U(z) around its mean, whereas smaller σln concentrate U(z) more tightly

about the profile. We use σln = 0.3, consistent with values reported in the literature65,155

for canopy-layer winds and representing roughly a 30% coefficient of variation for U . Given

species-specific settling speeds Vy,U , the ballistic distance is

X =
H U(z)

Vy,U
. (5.25)

Using the measured Vy,U for each species, radial plots of dimensionless dispersal distance

X/H are shown in Fig.5.13a.

Direct treatment of samara aerodynamics is possible using the present dataset. Expressing

dispersal distance in terms of the measured velocity ratio yields

X =
Vx,U
Vy,U

H, (5.26)

which emphasizes the role of tilt-induced lateral velocity. Rolling samaras achieve higher

Vx,U/Vy,U and therefore greater dispersal than Acer samaras as shown in Fig.5.13b. Average

lateral-to-vertical ratios increased, showing how crosswind responsiveness rather than low

descent velocity governs dispersal potential.

The three tiers of models highlight a progression. The constant wind ballistic form of-

fers a transparent benchmark but tends to overestimate distances when real aerodynamics

are ignored. Incorporating Vy,U reduces means and narrows spread, capturing the descent

speed acceleration induced by crosswind. Allowing U(z) to fluctuate broadens X/H around

the mean profile and shifts mass toward larger radii, yet very long tails only arise when

vertical velocity fluctuations are explicitly modeled. Consequently, average displacement

ratios decrease systematically from ballistic to drag-modified to height-varying wind cases.

The overall progression aligns with mechanistic accounts that identify vertical turbulence

as the key process for true long distance dispersal155,168. Although the rolling samaras de-

scend faster than their Acer counterparts, their greater cross-wind responsiveness provides

a graphical and mechanistic confirmation that rolling enhances dispersal potential. Despite

their higher settling velocity, the roll mechanism ultimately promotes more effective lateral

transport.
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5.3 Synthesis and Implications

Our study highlights the remarkable resilience of samaras to environmental perturbations,

particularly their ability to recover swiftly from raindrop collisions. The impact location

plays a crucial role in determining the dynamic response of the samara to the impact force.

Collisions near the nutlet—close to the samara center of mass—cause minimal disruption,

whereas wingtip impacts significantly alter coning angles and post-impact descent velocities,

leading to longer recovery trajectories. Samaras utilize a range of water-shedding strategies

to remove raindrops in less than 50 ms and return to autorotation. The “choice” of shedding

mode is innately connected to impact location and dynamics and is the most critical factor

governing recovery distance. Their robustness to both static11 and dynamic perturbations

underscores their evolutionary optimization for dispersal. Despite the transient disruptions

caused by raindrops, the reduction in flight time is less than 10%, resulting in a minor

reduction in dispersal distance. These findings emphasize the robustness of samaras in

maintaining their dispersal efficiency under adverse weather conditions.

The proportion of successful recoveries to autorotation following impact within our wind

tunnel, 71%, would be greater with a deeper and wider tunnel cross-section. Most non-

recoverable impacts are the result of collisions with the tunnel floor, while a significantly

smaller fraction of impacts result in collisions with the tunnel walls. While these wall col-

lisions demonstrate a limitation in our 15-cm square tunnel, their relative rarity highlights

the subtlety of lateral movement caused by raindrop collisions. Future experiments could

consider the effects of crosswinds14 during impacts, requiring a more elaborate experiment.

Maples are economically and commercially significant hardwoods, prized for their syrup,

flooring timber, and their role as cornerstone species in the Eastern United States169. The

proliferation of maple species in rapidly changing climates is their ability to disperse their

seeds beyond the canopy of their parent tree8. Maples are not alone in employing autoro-

tation to disperse seeds. Our recovery results are immediately applicable to Pinus spp.

samaras, another genus of large economic importance170. The rolling samaras of the tulip

poplar (Liriodendron tulipifera) and ash (Fraxinus spp.) trees will likely exhibit similar

shedding modes to the ones we describe. Our results provide context to studies focused on

wind transport of non-rotating seeds, including those that travel hundreds of miles171–173.

Beyond seeds, other biological gliders including gliding ants (Cephalotes atratus)174, juve-

nile draco lizards (Draco spp.)175, and nymphal stick insects (Extatosoma tiaratum)176, may

also encounter raindrops during descent. Our results and methods may inform future flight

perturbation studies considering a vast array of autorotators and gliders. In this study,

we subject three species of rolling samaras and one species of Acer samaras to a concen-
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trated crosswind during their otherwise passive descent. When compared to Acer samaras,

rolling samaras achieve greater lateral displacement, longer arcing trajectories, and higher

tilt-induced drift angles while maintaining coherent autorotation under strong crossflows.

The ratio U/vtip distinguishes inertia-dominated motion, where rotation controls the tra-

jectory, from crosswind-dominated motion, where ambient flow governs the response. Acer

samaras approach a transitional–unstable range near U/vtip ≈ 1.6, whereas rollers remain

inertia-dominated with U/vedge < 1 across all tested winds.

The descent path of samaras in quiescent air is well-described by a simple helix. Crosswind

tilts and stretches the samara helical path, increasing the coning angle, slowing precession,

and accelerating vertical descent. Greater tilt angles away from the vertical increase lateral

drift but shorten flight time, which suggests a maximum dispersal range at intermediate wind

strengths. Definition of a tilted, stretched helix permits the determination of kinetic energy.

Kinetic energy per unit mass decreases as the strength of the crosswind grows. Vertical and

lateral drag coefficients decline with crossing strength as the area of the wing facing the flow

becomes smaller, reducing the ability of the wind to push the samara laterally as crosswind

speed increases.

The Strouhal number, a common dimensionless group used to describe unsteady flows,

incorporates samara kinematics and windage into a single measure of transport. Across

species, ∆x/∆y decreases with increasing crosswind Strouhal number, following an approxi-

mate inverse relation ∆x/∆y ∼ St−1
U . Lateral transport depends primarily on how effectively

the wing edge samples the ambient flow relative to the imposed crosswind.

While scaling laws highlight broad patterns of crosswind transport, predictive disper-

sal models require direct incorporation of measured kinematic responses. Incorporating

crosswind-responsive kinematics into dispersal models, through measured Vy,U and the ve-

locity ratio Vx,U/Vy,U , reduces bias relative to ballistic estimates and captures the broader

spread produced under realistic windage. Rolling samaras achieve greater lateral transport

despite higher settling speeds because crosswind responsiveness increases Vx,U/Vy,U relative

to still-air ballistic expectations.
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Chapter 6

Conclusion

Job 12: 7-10 – But ask the animals, and they will teach you, or the birds in the sky,

and they will tell you; or speak to the earth, and it will teach you, or let the fish in the sea

inform you. Which of all these does not know that the hand of the Lord has done this? In

his hand is the life of every creature and the breath of all mankind.

6.1 Samaras are robust to perturbations

Across the course of this dissertation, samaras—both rolling and autorotating—emerge as

remarkably robust and resilient. Aerodynamic strategies endure despite substantial morpho-

logical perturbations. Seeds can withstand more than double their own weight, continue to

autorotate even with broken or damaged wings, and maintain stable descent in the face of

irregularities that would destabilize many engineered flyers.

Resilience extends beyond morphology to dynamic perturbations. Seeds recover within

milliseconds after raindrop impacts, regaining autorotation and continuing descent as if

uninterrupted. In crosswinds, they do more than simply endure; they harness the ambient

flow to travel farther outward, tilting and drifting in ways that increase dispersal potential.

Such responses are achieved without any active control systems, relying solely on the elegant

interplay of form, mass distribution, and aerodynamic forces.

The strength of samaras lies in simplicity. By relying on intrinsic stability and passive

aerodynamic mechanisms, seeds achieve a robustness that allows them to fulfill their pur-

pose—carrying life beyond the parent tree—despite the uncertainties of their environment.

Taken together, the study of samaras reveals not only the physics of flight but also the el-

egance of natural design. Rolling and non-rolling samaras alike demonstrate that robustness

and adaptability are central to survival and dispersal. Resilience in the face of perturbation

demonstrates the enduring principle that form and function, when unified by purpose, can

thrive in even the most challenging conditions.

6.2 Significance Statement

The study of samaras, the winged seeds of certain trees, provides a unique opportunity to

examine the intersection of biology, ecology, and fluid dynamics. Evolved adaptations enable
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these natural passive flyers to disperse effectively under various environmental conditions,

including rain and turbulent winds. Aerodynamic resilience is explored by comparing the

differences between maple and rolling samaras, building on natural dispersal mechanisms.

Maple samaras exhibit a well-studied autorotative descent, whereas rolling samaras introduce

additional complexity through coupled rolling and autorotative motion. Investigating these

distinct seed types reveals the advantages and trade-offs inherent in their morphology and

kinematics.

The ecological significance of this work lies in its contribution to understanding seed dis-

persal mechanisms, which are vital for the survival and proliferation of tree species that

provide essential ecological services. Trees such as maples and ash play foundational roles in

ecosystems, offering habitat, food, and other resources for a wide range of organisms. Fur-

thermore, their economic importance extends to timber production, maple syrup harvesting,

and contributions to global carbon sequestration efforts.

From an engineering perspective, samaras serve as a model for designing robust micro-

airborne vehicles (MAVs) and bio-inspired aerial systems. By exploring how samaras respond

to morphological perturbations, such as changes in mass or wing structure, and environ-

mental challenges, such as raindrop impacts and turbulent gusts, this study provides key

insights for developing technologies capable of stable flight in adverse conditions. Under-

standing these interactions also offers potential applications in conservation, where insights

into dispersal strategies can inform reforestation and ecosystem restoration efforts, particu-

larly under changing climatic conditions.

Expanding the understanding of evolutionary strategies that enable samaras to adapt

and thrive in complex environments provides valuable insights into both ecological and en-

gineering applications. Investigating how morphological characteristics and environmental

interactions shape flight dynamics emphasizes the interconnectedness of natural and techno-

logical systems. Nature-inspired advancements informed by these findings have the potential

to drive innovation in both scientific research and practical applications.

6.3 Broader Impacts

A mechanics-first framework for passive aerial locomotion emerges by uniting maple samara

descent with a classic drag balance and revealing a simple thickness law that governs rolling-

samara kinematics (e.g., Vd ∼ 1/b). Resulting design rules translate directly to low-power,

fault-tolerant flyers—micro air vehicles, passive sensor packages, and seed-inspired deploy-

ables—that rely on geometry rather than active control to remain stable in gusts, crosswinds,

and even raindrop impacts. Projected area and coning angle collapse performance across
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maple species, while thickness sets rolling and precessional rates; together these scalings let

engineers size wings, target descent rates, and tune robustness without added mass or com-

plexity. Such principles can lower energy budgets for environmental monitoring, precision

agriculture, or post-disaster communications where passive recovery from perturbations is

valuable. The work also supports accessible education at the biology–aerodynamics–robotics

interface: open measurements and simple analogue models (e.g., falling plates) are well

suited for classroom laboratories, outreach demonstrations, and interdisciplinary capstones

that link ecological function to engineered form. In sum, the synthesis strengthens feedback

between basic ecology and bio-inspired design, enabling systems that are efficient, resilient,

and environmentally aligned.

6.4 Ecological Impacts

Wind-dispersed seeds underpin forest regeneration, biodiversity, carbon storage, hydrologic

regulation, and regional economies tied to maple, poplar, and ash. By identifying when de-

scent is set primarily by projected area and coning (autorotators) versus when it is thickness-

controlled (rollers), this work improves parameterization of seed-dispersal models that fore-

cast spread, recruitment, and gene flow under variable weather. Explicit tests of perturba-

tions—crosswind exposure and raindrop impacts—clarify why many diaspores remain stable

and recover quickly in realistic canopy conditions, supporting more reliable predictions of

dispersal kernels during storms or wet periods. Such predictions matter for restoration plan-

ning (e.g., choosing seed sources and stand structures that maximize natural regeneration),

for managing fragmented habitats (maintaining connectivity via dispersal distance), and for

anticipating climate-driven range shifts where mechanistic kernels replace ad-hoc assump-

tions. By linking measurable traits (area, coning angle, thickness) to dispersal performance

across species and conditions, the dissertation provides a tractable bridge from seed form to

population and landscape processes that conservation practitioners and foresters can apply

in practice.

6.5 Wonder in Creation and Creator

Studying the flight of maple seeds has taught me much more than physics and aerodynam-

ics. The small, unassuming samaras embody both purpose and resilience. No matter their

imperfections or perturbations, they are designed to journey outward, carrying life to new

places. In many ways, their persistence in flight has mirrored my own pursuit of knowledge

during these years—reminding me that endurance, adaptability, and trust in purpose are
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essential for growth.

My doctoral journey has also unfolded alongside profound personal change. I have moved

homes, found new communities, and entered into marriage—each transition shaping me just

as deeply as the challenges of research. Growth often comes through disruption, and beauty

can emerge in unexpected ways.

Most of all, the process of inquiry has deepened my awe for God and His creation. Every

seed in flight is a testimony to His wisdom, creativity, and provision. Science has not

separated me from faith but has instead invited me into greater wonder at the One who

made all things. In the pursuit of knowledge, I have been reminded that “the fear of the

Lord is the beginning of wisdom” (Proverbs 9:10), and that true understanding ultimately

points back to Him.

In closing, I pray that this work, like the samaras I have studied, may serve a purpose

beyond itself—carrying forward seeds of curiosity, inspiration, and truth. As Isaiah writes:

“As the rain and the snow come down from heaven, and do not return to it without watering

the earth and making it bud and flourish, so that it yields seed for the sower and bread for

the eater, so is my word that goes out from my mouth: It will not return to me empty, but

will accomplish what I desire and achieve the purpose for which I sent it” (Isaiah 55:10–11).
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Appendix A

Supplementary Figures

a b c
Figure A.1: A series of area reductions from an A. Negundo samara. (a) unaltered, (b) cut once,
and (c) cut again.

a b c

Figure A.2: Relationships between dynamic variables (a) Vd vs cos(θ), (b) Vd vs ω (c) cos(θ) vs
ω
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aa b c

Figure A.3: Relationships between mass and dynamic variables (a) m vs Vd, (b) m vs ω (c) m
vs cos(θ)

a b c

𝐴 [mm2] 𝐴 [mm2] 𝐴 [mm2]

Figure A.4: Relationships between area and dynamic variables (a) A vs Vd, (b) A vs ω (c) A vs
cos(θ)
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Species    Percent Change

A. negundo + 1.3 +1.4 +1.9

A. ginnala +3.5 +3.6 +3.2

A. saccharum +3.1 +3.2 +3.6

A. macrophyllum +4.8 +3.5 +2.7

Figure A.5: Increased mass on samara seeds. The images showcase the seeds before and after the
mass augmentation process. The table presents the corresponding percentage changes in area for
each seed.
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A. buergerianum A. macrophyllum A. negundo A. saccharum
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Figure A.6: Reduced angle of attack ϕ/ϕ0 vs reduced mass m/m0
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a b

Figure A.7: Relationship between weight mg and angle of attack ϕ (a) Relationship between
weight mg and CD

F. excelsiorF. americana L. tulipifera

a b

Figure A.8: Scaling relationships between wing geometry and planform area across species. (a)
A vs c2 (R2 = 0.00). (b) A vs S2
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Figure A.9: Comparison of descent velocity Vd versus wing loading m/A1/2 for five samara species
across four sources. Gray markers denote data from Augspurger (1986), while colored markers
distinguish species and source. Results from the present study are plotted alongside previously
published data from Greene (1990), Azuma and Yasuda (1988), and Augspurger (1986). Each
marker shape corresponds to a unique source, and each species is shown in a distinct color.
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SpineWingtipWingRootNutlet

A. negundoA. ginnalaA. floridanum

Figure A.10: Temporal tracks of the vertical position (y) and coning angle (θ) for each of our distinguished impact regions. Impact
regions are separated by column. Each plot displays data from three trials per species from impact to recovery. The shapes terminating
each curve allow the reader to connect unique impacts column to column.
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t = 0

t = 278 ms

t = 110 ms

t = 12 ms

t = 195 ms

Wing Impact

t = 0

t = 6 ms

t = 23 ms

t = 60 ms

Nutlet Impacta b

Figure A.11: High-speed impacts. (a) Aggregated image sequence of an A ginnala being impacted
on the wing by a drop traveling at 77 cm/s. (b) Aggregated image sequence of an A ginnala being
impacted on the nutlet by a drop traveling at 78 cm/s.
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Root Wing WingtipNutlet

L
s

A. ginnala

A. negundo

A. floridanum

Figure A.12: Rotation initiation distance Ls for drops placed on samaras before release into the
wind tunnel.
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Appendix B

Rolling samaras are robust to mass and area changes

The autorotation of Liriodendron tulipifera, Fraxinus americana, and Fraxinus excelsior

makes these species remarkably robust against perturbations caused by added mass. When

mass is increased at the nutlet, the overall moment of inertia rises, slightly altering the bal-

ance between gravitational and aerodynamic torques. L. tulipifera exhibits a greater change

in coning angle than F. americana or F. excelsior, which can be attributed to its natu-

rally concentrated nutlet mass. The heavier nutlet amplifies asymmetry in the aerodynamic

torque distribution, leading to larger deviations in precessional motion. In contrast, the

more evenly distributed mass of F. americana and F. excelsior results in smaller angular

adjustments and steadier autorotation.

Both F. americana and F. excelsior display increases in precessional velocity (ωp) and

rolling velocity (ωr) as additional mass is introduced. The near-linear trends in normalized

precessional and rotational velocity with normalized mass (m/m0) suggest a proportional

aerodynamic response. As the descent speed increases to balance the higher effective weight,

the rotational rate scales accordingly to maintain a quasi-steady lift distribution across the

wing. The persistence of this proportionality highlights the aerodynamic adaptability of

rolling samaras, which self-adjust their kinematics to preserve stability despite perturbations

to their inertial properties Fig.B.1.

Area reduction experiments produce a similar effect by increasing wing loading (m/A).

As surface area decreases, the descent velocity (V/V0) and rolling velocity (ω/ω0) both rise.

The higher velocities reflect the need to generate sufficient lift to counterbalance weight

on a smaller planform, consistent with quasi-steady aerodynamic scaling (L ∝ ρV 2A).

F. americana exhibits a nearly linear trend in V/V0 with m/m0, indicating that its cou-

pled rolling–precessional motion allows efficient aerodynamic compensation across a range

of added mass or reduced area conditions Fig.B.1.

Rolling samaras sustain dynamically stable descent even when geometry and inertia are

altered. Coupled rolling and precessional motions appear to act as passive stabilizing mech-

anisms, redistributing aerodynamic forces in real time to counter the effects of mass or area

perturbations Fig.B.1.
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F. excelsiorF. americana L. tulipifera

a b

Figure B.1: Normalized descent and rotational velocity as functions of normalized mass for rolling
samaras. (a) ratio of descent velocity V/V0 versus mass ratio m/m0. (b) ratio of rotational velocity
ω/ω0 versus mass ratio m/m0.
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Appendix C

Rolling samaras survive collisions with raindrops

Similarly to Acer samaras, Liriodendron tulipifera exhibits remarkable resilience to rain-

drop impacts, with recovery of autorotation or rolling motion dependent on the ability to

shed residual water. In both species, recovery is governed by the balance between aero-

dynamic and capillary forces acting immediately after impact. When a raindrop impinges

against the direction of rotation, recovery depends strongly on the location of impact. In

L. tulipifera, drops that strike the wing are more likely to allow rapid recovery compared to

those impacting the nutlet.

The seed struggles to shed water deposited directly on the nutlet, as the center of rotation

experiences only weak centripetal forces during rolling. Without sufficient rotation, residual

water remains pinned to the nutlet surface, delaying recovery. In contrast, drops that im-

pact the wing experience higher tangential velocities and centrifugal acceleration as rolling

resumes. The hydrophobic cuticle of the wing promotes drop detachment, and the resulting

asymmetric shedding often assists in reinitiating roll.

When the impact opposes the direction of rotation, recovery distance and time both in-

crease because the raindrop imparts a counterrotational impulse that must be overcome

before stable motion is re-established. Events of this kind frequently cause a temporary stall

in rolling, analogous to the brief pauses observed in Acer samaras after high-momentum

wingtip impacts. Once the excess water mass is expelled, L. tulipifera resumes rolling with

a coning angle and rotational frequency comparable to pre-impact conditions.

Impacts that coincide with the direction of rotation permit residual water to roll off the

surface almost immediately. Continued rotation accelerates drainage, allowing the seed to

maintain aerodynamic stability. Impacts on the sharp edge of the nutlet produce rapid drop

fragmentation and dispersion, as seen in Fig.C.1. The localized shedding minimizes added

loading and enables continuous autorotation with minimal disruption.

Overall, the recovery behavior of L. tulipifera parallels that of Acer samaras in its reliance

on rapid drop shedding and aerodynamic stabilization but differs in the dynamics of recovery

due to the rolling degree of freedom. Whereas Acer samaras primarily restore autorotational

coning through centripetal acceleration and wing-generated torque, rolling samaras must

also reestablish spanwise rotation, a process more sensitive to nutlet wetting and localized

stalling. Both morphologies demonstrate a robust ability to withstand and recover from rain

impacts, emphasizing the aerodynamic stability inherent in their passive flight mechanisms.
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Figure C.1: Drop impact on the nutlet of a L. tulipfidera rolling samara illustrated with composite
frames and tracked motion.

The results align with the findings reported in Schaeffer et al. (2024), highlighting that

rolling samaras recover with comparable resilience to classical maple samaras, yet through

distinct kinematic pathways shaped by their rolling motion.
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Appendix D

Particle Image Velocimetry in Samaras

Particle Image Velocimetry (PIV) provides a quantitative window into the flow fields

surrounding autorotating samaras. When samaras descend, they generate strong vortices

along their leading edges and tips showing structures that sustain lift and slow descent.

PIV captures these vortices by seeding the air with tracer particles and illuminating them

with a laser sheet. Successive images are then cross-correlated to determine local velocity

vectors, enabling researchers to reconstruct vorticity, circulation, and flow topology around

the rotating wings.

In maple (Acer) samaras, PIV has revealed the formation of a stable leading-edge vortex

(LEV) that remains attached throughout the rotation cycle, analogous to insect wings in

hovering flight. This attached vortex generates a low-pressure region above the wing, pro-

ducing steady lift even at low Reynolds numbers. The flow reattaches and sheds periodically,

leading to a quasi-steady aerodynamic regime that balances descent velocity and rotation

rate. Studies such as those by Lentink et al.73 and Lee et al.177 demonstrate how LEV

stability depends on wing camber, twist, and the asymmetric mass distribution around the

nutlet.

For double or paired samaras, PIV uncovers even more intricate vortex dynamics. The

counter-rotating seeds shed interacting vortices that can merge, distort, or cancel, producing

transient wake structures and unsteady pressure fields between the wings. These coupled

aerodynamic interactions challenge two-dimensional PIV approaches, as the flow around

each wing is inherently three-dimensional and time-varying. The complexity of these flows

means that planar PIV alone cannot resolve the full vortex topology. Tomographic PIV,

which reconstructs volumetric flow fields from multiple camera perspectives, is therefore

required to fully capture the three-dimensional nature of the vortices forming around and

between the autorotating wings. Such measurements are critical for understanding how

paired samaras balance aerodynamic forces, maintain stability, and interact within shared

flow environments.
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a

b

Figure D.1: Planar PIV visualization of L. tulipfidera samara in a laser sheet. (a) shows the
seeded flow before the samara intersect the sheet. (b) shows the samaras passing through the
sheet near the holder; particle streaking reveals coherent spiral structures in the wake, with white
overlays indicating the approximate vortex cores shed by each wing. While planar PIV highlights
these coherent features and their interaction, the intrinsically three-dimensional, time-varying flow
around each wing suggests that tomographic PIV would be required to fully resolve the 3D vortex
topology formed around and between the two autorotating samaras.
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