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ABSTRACT

Buzz pollination is a specialized mechanism by which bees extract pollen from flowers
using vibrational energy. This process is essential for the reproduction of many plant
species, including economically important crops such as tomatoes and blueberries. Despite
its ecological and agricultural significance, the mechanical factors governing pollen expulsion
remain incompletely understood. While previous experimental studies have examined how
vibration frequency and amplitude influence pollen release, they often lack the ability to
resolve the detailed interactions between pollen grains. This study addresses this gap by
using the Discrete Element Method (DEM) to simulate pollen expulsion under vibratory
excitation, providing a computational approach to analyzing pollen motion at a granular
level.

Two primary simulations were conducted to model pollen expulsion: translating anther
motion, in which the entire anther oscillates as a rigid body, and deforming anther motion,
which accounts for structural vibrations that more closely resemble natural conditions. In the
translating anther simulations, pollen-pollen interactions played a critical role in directing
grains toward the anther pore, challenging prior assumptions that grains move independently.
Initial analyses of total pollen expulsion over long time periods showed little variation across
different vibration settings. However, by examining earlier time steps, trends emerged that
revealed higher displacement amplitudes and frequencies led to more rapid pollen release.
To quantify this effect, expulsion rates were measured based on the time required to eject
half of the initial pollen grains. These results were further analyzed using a parameter called
jerk, which describes how rapidly acceleration changes over time. Jerk was found to be a
strong predictor of pollen expulsion rates, effectively collapsing the parameter space into a
single governing variable.

Simulations of deforming anthers introduced additional complexity, as the shape and
motion of the anther influenced the efficiency of pollen release. The findings suggest
that vibratory forces are distributed differently in deforming anthers compared to rigidly
translating ones, leading to differences in expulsion behavior. This study advances the
understanding of vibratory pollen expulsion mechanics and provides a foundation for
future research into artificial pollination technologies and pollination efficiency in natural
ecosystems.
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INTRODUCTION

Buzz pollination, a biomechanical process critical to the reproduction of many flowering
plants, plays a pivotal role in sustaining global biodiversity and agricultural productivity.
This unique phenomenon involves pollinators, primarily bees, using rapid muscle contractions
to generate vibrations that release pollen from specialized floral structures known as poricidal
anthers [5]. These vibrations facilitate efficient pollen transfer, ensuring fertilization in plant
species that rely on this mechanism.

Given its importance in both natural ecosystems and agricultural settings, understand-
ing the mechanics of buzz pollination is essential for preserving pollinator populations and
enhancing crop yields. This chapter provides a comprehensive overview of buzz pollination,
beginning with its ecological and economic significance. It then explores the historical context
of research on the topic, highlighting key discoveries. Additionally, it addresses experimental
challenges that have motivated the use of computational models to study pollen expulsion.
Finally, the chapter outlines the objectives and scope of this thesis, setting the foundation

for subsequent analyses and contributions.

The Importance of Buzz Pollination

Buzz pollination, also known as sonication (a misnomer due to the sound produced
by buzzing bees), is a unique and essential pollination mechanism employed by certain
pollinators to release pollen from flowers with, primarily, poricidal anthers. These anthers,
characterized by small apical pores or slits, require this more complex form of pollination
to eject pollen due to their secure form of pollen retention. Unlike anthers that passively

shed pollen into the air or onto visiting insects, poricidal anthers hold pollen tightly within
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locules, necessitating external vibrations to force pollen release.

This specialized mechanism ensures targeted pollen transfer and reduces pollen wastage,
making it an adaptive advantage for both plants and pollinators [15]. Many bee species,
particularly bumblebees (Bombus spp.), have evolved the ability to produce vibrations using
their indirect flight muscles, a process that extracts pollen from these specialized anthers [7].
Some solitary bees, such as those in the genera Xylocopa and Ceratina, also engage in buzz
pollination, broadening the ecological impact of this process [6].

Buzz pollination plays a critical role in the reproduction of approximately 9-10% of all
flowering plant species [6, 28, 35] and contributes to the global food supply by supporting
the pollination of key crops such as tomatoes, eggplants, and kiwis [9, 11, 28]. Many of these
crops are self-incompatible or exhibit increased fruit set when buzz-pollinated, underscoring
the necessity of this mechanism for maximizing reproductive success [2].

Pollinator declines pose a significant threat to agricultural productivity. Without
animal pollinators, global food production would face a 5-8% reduction [1, 24], necessitating
the conversion of vast areas of land into agricultural use of pollinator-independent crops
to compensate for yield losses [24]. However, such shifts would not fully offset the
nutritional impact, as pollinator-dependent crops provide essential micronutrients, including
vitamins A and C, calcium, and folic acid, that are critical for human health [24]. Beyond
quantitative reductions, pollinator loss would lead to decreased quality in approximately 75%
of pollinator-dependent crops, directly impacting the stability of global food markets and
exacerbating food insecurity, especially in regions highly dependent on pollinator-supported
agriculture [2, 24]. Furthermore, pollination-dependent crops, such as fruits, nuts, and high-
value commodities like coffee and cocoa, experience lower yield growth and greater variability
over time, amplifying economic and food security risks [24].

Buzz pollination is particularly vital in these contexts, as many of the crops reliant

on this mechanism, such as tomatoes, blueberries, eggplants, kiwis, and cranberries, are
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staples in various diets and have high economic value [2]. The efficiency of pollen transfer
associated with this process enhances genetic diversity and improves fruit set (the transition
of a flower to a young fruit) and seed quality, contributing to the long-term resilience of plant
populations [2]. However, agricultural intensification, habitat fragmentation, and pesticide
exposure threaten native bee species capable of buzz pollination, reducing their availability
as effective pollinators [24]. Given that wild pollinators often provide more stable pollination
services than managed honeybees [2], their conservation is essential for sustaining both crop

productivity and ecosystem health.

Agricultural and Economic Significance

Studies have demonstrated that natural pollination enhances crop yields and quality
compared to artificial pollination techniques [2]. Crops exhibit higher fruit set, improved
fruit quality, and increased seed viability when pollinated by buzzing bees, highlighting the
evolutionary advantage of this specialized pollination mechanism [9]. For instance, research
on tomatoes (Solanum lycopersicum L.) showed that fruit weight more than doubled when
buzz-pollinated by bees compared to artificially pollinated plants [8]. This suggests that
natural pollination processes not only meet but exceed the effectiveness of current human
interventions, emphasizing the critical role of buzz pollination in sustainable agriculture.
Beyond tomatoes, buzz pollination is essential for a range of economically important crops,
including blueberries (Vaccinium spp.), cranberries (Vaccinium macrocarpon), eggplants
(Solanum melongena), kiwis (Actinidia spp.), and peppers (Capsicum spp.) [35].

The decline of wild pollinator populations poses a direct threat to the agricultural
industries dependent on buzz pollination. Studies indicate that reduced bee populations
could lead to a significant decrease in fruit set and crop viability, particularly in regions
where managed honeybees (Apis mellifera) are ineffective substitutes due to their inability

to perform buzz pollination [2]. Farmers in some regions have resorted to costly artificial
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pollination techniques, such as using electric vibrators or manual agitation of flowers,
but these methods are labor-intensive and often fail to replicate the efficiency of natural
pollination. Countries like Japan and Australia, where greenhouse tomato production
is extensive, have explored commercial bumblebee rearing programs to mitigate this
issue [16, 26].

The economic significance of buzz-pollinated crops extends beyond direct agricultural
revenue. Increased reliance on artificial pollination could drive up production costs,
potentially raising consumer prices for staple fruits and vegetables. Additionally, the loss
of buzz-pollinating bees could disrupt agricultural supply chains that depend on pollination
services.

However, natural buzz pollinators face increasing threats from habitat fragmentation,
pesticide exposure, and climate change, leading to declining populations in many regions [24,
32]. While conservation efforts aim to mitigate these declines, their long-term success remains
uncertain. Without effective conservation, an improved understanding of the mechanics of
buzz pollination is essential for developing alternative strategies to sustain crop productivity
and minimize economic risks associated with pollinator loss.

From an economic perspective, buzz-pollinated crops constitute a substantial portion
of agricultural revenue. The contribution of pollination services, including buzz pollination,
is estimated to add billions of dollars annually to global agricultural economies [2, 24]. The
economic impact of pollination extends beyond direct crop value, supporting approximately
1.4 billion agricultural workers worldwide. In developing nations, over 2 billion people rely on
smallholder farming, which is particularly dependent on pollinators [24]. However, declining
pollinator populations could drive up food prices, potentially reducing consumer welfare by

an estimated $160-191 billion annually [24].



Ecological Significance

Beyond its economic role, buzz pollination plays a critical part in maintaining
biodiversity and ecosystem stability. One of the most significant ecological benefits of
buzz pollination is its role in promoting genetic diversity within plant populations. Many
buzz-pollinated species exhibit self-incompatibility mechanisms, requiring pollen transfer
between different individuals for successful fertilization [2, 14]. This process enhances
genetic variation, which is crucial for plant adaptability to environmental changes such as
shifting temperatures, altered precipitation patterns, and the introduction of new pests and
diseases [9]. Greater genetic diversity strengthens plant populations against environmental
stressors and contributes to the long-term resilience of ecosystems.

Buzz pollination also supports plant-pollinator networks by enabling the reproduction
of plants that provide essential food and habitat for other organisms. Many wildflowers,
shrubs, and trees that rely on buzz pollination serve as keystone species in their ecosystems,
sustaining insect populations, birds, and herbivores. The decline of these plants due to
reduced pollination rates can lead to cascading effects across entire food webs, threatening
ecosystem stability.  However, the introduction of non-native bumblebee species for
agricultural pollination, such as Bombus terrestris in Japan and Tasmania, has raised
ecological concerns. These introduced bees may compete with native pollinators for floral
resources, potentially leading to the displacement of indigenous species and alterations in
plant-pollinator interactions [16, 26]. In Japan, B. terrestris has been linked to reduced
biodiversity in certain pollinator communities, prompting regulatory measures to limit its
spread. Australia, recognizing these risks, has implemented strict biosecurity laws preventing
bumblebee introductions on the mainland [16, 26].

The primary threats to buzz pollination arise from habitat destruction, pesticide use,
and climate change. Deforestation and agricultural intensification have significantly reduced

the availability of nesting sites and floral resources for native pollinators [38]. Pesticides,
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particularly neonicotinoids, have been shown to impair the foraging efficiency of buzz-
pollinating bees, reducing their ability to effectively pollinate flowers [29]. Furthermore,
pesticide effects on bees are temperature-dependent, with some impacts exacerbated by
higher temperatures, which is an increasing concern given global climate change [29]. Rising
global temperatures and shifting climate patterns may alter the geographic distribution
of both plants and pollinators, disrupting long-established pollination relationships and
leading to potential species mismatches [19]. Climate-driven range shifts have been observed
in bumblebee populations, with species failing to expand their ranges northward while
experiencing significant contractions at their southern range limits [19].

The loss of buzz-pollinating bee species could have irreversible consequences for
biodiversity.  Studies have shown that specialized pollinators, including many buzz-
pollinating bees, are at higher risk of extinction compared to generalist species due to their
dependence on specific plant groups [32]. If key pollinators are lost, many plants that rely
exclusively on buzz pollination may face population declines or extinction, leading to further
disruptions in ecosystem function. The introduction of managed bumblebees for greenhouse
pollination further complicates conservation efforts, as the risk of disease transmission to
wild pollinators remains a significant concern [16, 26].

Addressing these ecological challenges requires conservation strategies that protect
native pollinators and their habitats. Efforts such as pollinator-friendly land management,
reduced pesticide usage, and climate-adaptive conservation planning can help preserve
the critical role of buzz pollination in maintaining both species diversity and ecosystem
resilience. Additionally, balancing the economic benefits of commercial pollination with
ecological safeguards remains a key policy challenge, as seen in the ongoing regulatory
debates surrounding bumblebee imports and trade restrictions in countries like Japan and

Australia [16, 26].



Historical Context of Buzz Pollination

Early Observations & Discoveries

The earliest unambiguous records of vibratory pollen collection date back to Lindman
(1902), who documented bumblebees vibrating the flowers of Senna alata (candle bush)
in Brazil. He described the distinctive buzzing sound produced during pollen extraction
and noted that the vibrations caused pollen to be forcibly expelled from the anthers [33].
Schrottky (1908) later expanded on these observations by recording vibratory pollen
collection in multiple species, including Senna occidentalis (coffee senna), Physalis viscosa
(sticky groundcherry), and Solanum paniculatum (jurubeba). His work confirmed that bees
did not rely on scraping or mandible manipulation to extract pollen but rather generated
vibrations that dislodged the grains from inside the anther pores [33].

Early theories on pollen extraction proposed mechanisms other than vibration. Todd

9

(1882) suggested that bees extracted pollen using a “milking motion,” in which they gripped
anthers with their mandibles and squeezed out pollen through terminal pores [33]. Robertson
(1890) later observed bumblebees exhibiting similar behavior on Chamaecrista fasciculata
and Senna marilandica, reinforcing this interpretation [33]. The idea remained influential,
with Knuth (1904) describing “milking” in the context of feeding anthers in certain Cassia
species, though this process was unrelated to pollen release [33]. However, Schrottky
(1908) directly refuted the “milking hypothesis” after observing that visiting bees did not
squeeze anthers but instead generated strong vibrations to dislodge pollen grains from anther
pores [33].

As additional reports accumulated, it became increasingly evident that mechanical
vibrations—mnot mandibular manipulation—were responsible for pollen release. However, due

to the lack of high-speed imaging or vibration analysis tools at the time, early researchers

were unable to quantify the precise forces involved. These foundational studies set the
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stage for the more systematic, laboratory-based investigations that emerged in the mid-20th

century.

Scientific Investigations Over Time

The mid-to-late 20th century marked a turning point in buzz pollination research,
as scientists transitioned from field-based naturalist observations to controlled laboratory
experiments. By the late 1970s to mid-1990s, researchers began using high-speed pho-
tography, vibration sensors, and artificial pollination devices to systematically study the
frequencies and amplitudes of bee-generated vibrations [7, 9]. These studies allowed for
precise measurements of pollination dynamics, revealing that most buzz-pollinating bees
produce vibrations between 100400 Hz, frequencies often aligning with the natural resonant
frequencies of anthers [33].

One of the most influential studies during this period was conducted by Buchmann
and Hurley (1978), who combined laboratory experimentation with theoretical modeling
to analyze vibrational pollen release [7]. Their experiments focused on mechanically
vibrating Solanum flowers under vacuum conditions to test whether airflow played a role
in pollen expulsion. By eliminating air currents, they demonstrated that pollen clouds
formed in vacuum were nearly identical to those observed under normal atmospheric
conditions, confirming that airflow was not a significant factor in pollen release. Additionally,
they quantified pollen expulsion rates under varying vibration frequencies and amplitudes,
showing that while pollen release increased with vibration intensity, it plateaued beyond a
certain threshold. These findings provided strong experimental evidence that mechanical
vibrations alone were responsible for pollen expulsion, disproving earlier hypotheses that
relied on airflow or electrostatic forces as primary mechanisms.

Alongside their experimental work, Buchmann and Hurley developed a statistical

mechanics model to describe pollen expulsion as an energy-driven process, in which pollen
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grains gain kinetic energy through anther vibrations until reaching a velocity sufficient
for expulsion through the anther pores. This theoretical framework will be revisited in
a later section, where it is examined alongside subsequent computational models of buzz
pollination. Their combined experimental and theoretical approach laid the foundation for
modern biomechanical studies of vibratory pollen release, influencing future research on the
mechanics of buzz pollination.

Building upon this work, Buchmann (1985) extended investigations into how bees utilize
vibration beyond poricidal anthers, demonstrating that certain bee species employ similar
mechanisms to extract pollen from non-poricidal flowers [6]. This broadened the scope of
buzz pollination studies, revealing that vibratory pollen collection is not limited to species
with specialized anther structures but is also utilized in a wider range of pollination systems.
While it is intriguing to consider the reasons for bees to buzz on non-poricidal anthers, this
is beyond the scope of this thesis.

Further advancements emerged in the late 1980s and early 1990s. Harder and Thomson
(1989) developed a conceptual model describing how pollen release strategies optimize
reproductive success in animal-pollinated plants [15]. Their work emphasized that poricidal
anthers function as controlled dispensing mechanisms, regulating pollen removal across
multiple pollinator visits. This idea was supported by subsequent research by Harder and
Barclay (1994), who experimentally demonstrated that controlled pollen release enhances
pollination efficiency by minimizing pollen wastage and maximizing pollen transfer to
stigmas [14]. Their findings contributed to the broader understanding of how floral traits
and pollinator behavior co-evolve to optimize reproductive success.

Experimental studies in the late 20th century focused on quantifying the relationship
between vibration parameters and pollen ejection efficiency. Researchers examined how
vibration frequency and amplitude influenced pollen expulsion, with studies demonstrating

that pollen release generally increased with vibration amplitude but showed a more complex
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relationship with frequency [14]. For instance, Harder and Barclay (1994) found that while
pollen removal increased with vibration amplitude, higher frequencies did not always lead
to greater pollen expulsion unless paired with sufficient displacement [14]. Similarly, Corbet
(2014) reviewed multiple studies showing that pollen release depends more on vibration
velocity than frequency alone, emphasizing the interaction between these parameters [9].
These experiments laid the foundation for further investigations into the biomechanics of
buzz pollination.

By the 2010s, researchers had begun integrating computational modeling into buzz
pollination studies, using numerical simulations to characterize pollen expulsion under
different vibrational conditions [13]. This marked the transition from experimental-only
studies to hybrid experimental-computational approaches, significantly expanding the scope
of research in pollination biomechanics.

As scientific investigations evolved, researchers also started exploring species-specific
adaptations in buzz pollination. Studies comparing the vibration characteristics of different
bee species revealed that some pollinators are more effective at extracting pollen due to
differences in their buzzing frequencies and muscle contraction patterns [9]. These findings
contributed to broader discussions on plant-pollinator co-evolution, reinforcing the idea that

buzz pollination is an adaptive strategy shaped by millions of years of ecological interactions.

Challenges in Studying Buzz Pollination

Understanding the mechanics of buzz pollination presents significant challenges due
to the interplay of biological, mechanical, and observational factors. Despite decades of
research, many aspects of pollen expulsion dynamics remain poorly understood, largely
due to the technical limitations of experimental methods. The small scale, high-speed
motion, and opacity of anther walls complicate direct observation, while experimental

limitations hinder the decoupling of vibration parameters such as amplitude and frequency.



11

These obstacles have necessitated the development of computational models to complement

experimental findings and provide deeper insights into pollen dynamics.

Experimental Challenges

Difficulties in Observing Pollen Movement Inside Anthers One of the primary challenges

in studying buzz pollination is directly observing pollen movement inside the anther locules.
Unlike wind or insect-pollinated flowers that open to expose pollen, poricidal anthers keep
their pollen sealed within and only release it through small apical pores. This makes
it impossible to visually track pollen movement in real time prior to release without
sophisticated imaging techniques.

Conventional light microscopy and high-speed cameras may be sufficient for capturing
the dynamics of microscopic (710-100 pm diameter) pollen grains after expulsion, but have
yet to be used extensively. Even advanced techniques like X-ray microtomography have
limitations in tracking pollen grains inside the anther as they are not capable of reaching
the necessary time resolution to produce relevant results.

Some researchers have attempted to overcome these challenges by indirectly inferring
pollen motion through measurements of pollen cloud dispersion [7, 27]. However, these
methods only provide macro-scale insights and fail to resolve particle-scale interactions within

the anther itself.

Challenges in Isolating Vibration Parameters Another major experimental difficulty

lies in the decoupling of amplitude and frequency effects in pollen expulsion. In natural
buzz pollination, bees generate vibrations by contracting their indirect flight muscles,
which produce simultaneous changes in both frequency and amplitude. However, these
two variables are often intertwined, making it difficult to determine their independent

contributions to pollen release efficiency.
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There is experimental evidence suggesting that the specific contributions of frequency
and amplitude are difficult to isolate due to how they interact in real systems. While
parameter sweeps could theoretically determine these effects, studies have shown that pollen
release efficiency does not always increase linearly with vibration parameters. For example,
Harder & Barclay (1994) demonstrated that controlled pollen removal from Dodecatheon
flowers was optimized at certain frequencies and amplitudes, but no universal “best”
parameter existed across all conditions [14]. Similarly, Rosi-Denadai et al. (2020) did not
observe a clear resonant response that significantly improved pollen release [27].

Electromagnetic vibration tables and piezoelectric actuators have enabled more precise
control over amplitude and frequency, but these methods still face limitations. For example,
many artificially vibrated anthers do not exhibit the same flexural deformations as those
vibrated by bees, raising concerns about the validity of lab-based pollen expulsion studies.
Furthermore, Jankauski et al. (2022) suggested through computational modeling that
resonant frequencies may align with reported buzzing frequencies, but only when the bee’s
mass was included in the model [17]. This suggests that real-world dynamics introduce
complexities that cannot be fully captured through simple parameter sweeps.

Thus, while a parameter sweep might theoretically determine independent contributions
of frequency and amplitude, real-world interactions between bee physiology, anther defor-
mation, and pollen behavior complicate straightforward conclusions. These experimental
limitations underscore the need for integrated experimental-computational approaches,
where high-resolution simulations can supplement physical experiments and help deconvolve
the relative effects of frequency, amplitude, and anther morphology on pollen expulsion

dynamics.
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Knowledge Gaps

Despite the advancements in experimental methods, several critical questions about
the mechanics of buzz pollination remain unresolved. Many of these knowledge gaps stem
from the limitations of current measurement techniques, which make it difficult to directly

observe pollen behavior inside anthers and quantify the forces governing its ejection.

Unresolved Questions About Pollen-Anther Interactions One of the most pressing

unknowns in the computational study of buzz pollination is how pollen grains interact
with the anther walls and with each other during vibration. Many existing models assume
that pollen grains behave independently, neglecting potential effects such as inter-particle
collisions, clustering, and triboelectric interactions. However, real anther locules contain
thousands of pollen grains, which likely experience frequent interactions that influence their
motion and expulsion .

The role of pollen-anther interactions in buzz pollination has been explored through
various approaches, including biophysical modeling and experimental studies. Buchmann
and Hurley [7] developed a biophysical model demonstrating that pollen grains gain kinetic
energy through repeated collisions with anther walls, ultimately facilitating their expulsion.
Additionally, triboelectric charging, arising from pollen grain collisions with anther surfaces,
has been hypothesized to contribute to pollen ejection [9]. Experimental and modeling
work suggests that ignoring these interactions in computational studies could lead to an
oversimplified representation of pollen expulsion dynamics.

The mechanical properties of anther walls remain another unresolved factor in pollen re-
lease. Some studies suggest that anthers may undergo elastic deformations during vibration,
potentially influencing the pollen expulsion behavior [17]. However, direct measurements
of anther flexural properties under natural pollination conditions remain scarce, leaving

researchers to approximate these effects using indirect methods [14]. Understanding the role
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of anther wall dynamics is crucial, as variations in stiffness and elasticity could significantly
impact pollen release.

Addressing these gaps is critical for improving computational approaches to buzz
pollination. By incorporating detailed models of pollen-anther interactions, including energy
transfer, electrostatic effects, and anther deformation, researchers can develop simulations

that better reflect the complexities observed in experimental studies.

The Need for Quantitative Methods to Measure Pollen Expulsion A major limitation

in buzz pollination studies is the lack of standardized quantitative methods for assessing
pollen expulsion. Most experiments rely on qualitative or semi-quantitative assessments,

such as:

e Counting the total number of expelled pollen grains,
e Measuring pollen cloud dispersion patterns, or

e Estimating pollen deposition on stigmas.

However, these approaches fail to capture the fine-scale physics of pollen motion. For
example, studies often assume that higher vibration intensity leads to greater pollen release,
yet the relationship between vibration forces and pollen ejection is not fully understood.
Some research, such as that seen in Harder and Barclay [14], has demonstrated that pollen
is expelled in discrete doses rather than continuously, with each vibration event releasing a
limited amount of pollen. While these findings provide valuable insight into pollen expulsion
dynamics, existing experimental methods still lack the temporal resolution needed to fully
resolve the mechanisms governing burst-like pollen release at the millisecond scale.

To address these gaps, researchers are now leveraging numerical simulations that model

pollen dynamics at the micron scale that will support ongoing experimental work.
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Computational Approaches to Buzz Pollination

Computational models have emerged as tools to supplement experimental findings,
enabling controlled parameter variation, high-resolution insights, and systematic analysis
of pollen expulsion dynamics. Several numerical approaches have been developed to
characterize pollen motion under vibrational forces, including statistical mechanics models,
billiard-based models, and the discrete element method (DEM). Each of these models
provides a unique perspective on pollen expulsion, but they also have limitations in capturing
all aspects of the process.

This section outlines the development of computational approaches for studying buzz
pollination, summarizing prior models and their constraints before introducing DEM as
a powerful tool for simulating pollen-pollen interactions and anther deformations. The
mathematical formulation and implementation details of DEM are further discussed in

Chapter 2.

The Need for Computational Modeling

Computational modeling addresses challenges faced by experimental methods by
allowing researchers to systematically control variables that are difficult to manipulate
experimentally. By simulating high-speed pollen motion in a controlled virtual environment,
models can provide detailed insights into pollen-pollen interactions and the influence of
anther morphology. These approaches make it possible to explore a wide range of conditions,
in a controlled and infinitely repeatable manner, including different vibration parameters and

anther geometries, to better understand the factors that optimize pollen expulsion.

Overview of Prior Models

Theoretical models for pollen expulsion in buzz pollination have evolved considerably

over the past several decades. Initial approaches relied on statistical mechanics principles,
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treating pollen motion as an energy transfer problem, while later studies applied billiard-
based models to simulate pollen trajectories. Although these models have contributed
significantly to the field, they often relied on simplifying assumptions that limited their

ability to fully capture the complexities of vibratory pollen release.

Statistical Mechanics Model One of the earliest quantitative models of buzz pollination

was the statistical mechanics framework proposed by Buchmann and Hurley in 1978. This
model conceptualized the anther as a rectangular cavity containing thousands of pollen
grains, which gain kinetic energy through externally applied vibrations. The model assumed
that pollen grains follow a Maxwell-Boltzmann energy distribution, with anther walls
transferring kinetic energy to grains through oscillatory motion. Pollen was predicted to
exit through the apical pore when it acquired sufficient velocity [7].

Rather than modeling individual pollen-pollen interactions explicitly, the model
accounts for their collective behavior by treating the total system energy statistically. This
approach prevents pollen grains from immediately reaching maximum energy, as energy
is distributed throughout the system rather than instantaneously imparted to all particles.
However, the model does not account for detailed per-particle interactions such as clustering,
adhesion, or triboelectric effects. Additionally, it assumes that grains behave as idealized
particles and does not include potential cohesion forces or anther flexibility that might

influence their motion.

Hansen’s Billiards Model A more recent approach by Hansen and colleagues (2021)

applied billiards theory to describe pollen release under vibratory excitation. In this model,
pollen grains were treated as inelastic particles undergoing repeated collisions within an
oscillating anther chamber. The results indicated that peak anther velocity played a more
significant role in pollen expulsion than vibration frequency alone. However, both vibration

amplitude and frequency contribute to mechanical energy transfer, influencing the kinetic
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energy gained by pollen grains [13].

Despite its improvements over earlier models, the billiards approach still relied on
several simplifications. Pollen grains were treated as non-cohesive particles, meaning that
interactions such as adhesion and electrostatic forces were not considered. Particles were also
assumed to be non-interacting due to a small volume fraction. Additionally, while the model
was formulated to allow for modifications, it was evaluated with ¢ = 1. The model also
initialized pollen grains with a nonzero velocity, rather than assuming they were initially at
rest. These factors can significantly influence pollen aggregation and dispersal, particularly

in species where pollen clumping may affect expulsion.

The Discrete Element Method

To overcome the limitations of previous models, the discrete element method (DEM)
has been applied to study granular systems [12] and is used in this work for investigating
buzz pollination. DEM is a numerical approach that simulates the motion and interactions
of individual particles under external forces, making it well-suited for modeling the vibratory
behavior of pollen grains inside an anther.

Unlike prior models, the proposed DEM model explicitly accounts for pollen-pollen
interactions and has the ability to include easily collisions, cohesion, and electrostatic forces,
as well as boundary effects imposed by anther walls in the future. By incorporating realistic
material properties, DEM can simulate how anther deformations influence pollen expulsion,

making it a powerful tool for investigating the mechanics of buzz pollination.

Application of DEM in This Research While experimental methods provide valuable

insights into buzz pollination, they face limitations in resolving fine-scale pollen dynamics.
DEM fills these gaps by enabling simulations that track thousands of pollen grains in ways
that would be impractical in laboratory settings. It allows researchers to explore a wide

range of anther geometries, vibration parameters, and pollen properties under controlled
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conditions, offering a complementary approach to experimental studies.

A key strength of DEM is its ability to incorporate adhesion and elasticity, providing a
framework for investigating how cohesive forces affect pollen expulsion . This is particularly
important in species where pollen grains exhibit strong inter-particle forces, which can alter
the timing and quantity of expelled pollen. By integrating these factors, DEM serves as a
bridge between mechanical modeling and real-world mechanics, offering predictions that can
guide and refine experimental studies.

This thesis extends the use of DEM into buzz pollination research by applying
it to simulate pollen expulsion under realistic vibration conditions, and more. The
approach includes modeling anther vibrations based on experimentally observed frequencies
and amplitudes, examining how different anther geometries affect pollen expulsion, and
evaluating the role of material properties such as pollen restitution. By systematically
varying these parameters, DEM enables a comprehensive analysis of the factors influencing
pollen expulsion .

The computational methods described in this section provide the foundation for the
numerical framework developed in this study. Chapter 2 presents a detailed discussion
of the DEM implementation, including the governing equations, numerical methods, and

parameter selection used in the simulations.

Objectives and Scope of this Thesis

The primary objective of this thesis is to improve the understanding of pollen expulsion
mechanics in buzz pollination by leveraging computational modeling. While previous studies
have provided valuable insights into the role of vibration parameters in pollen release,
significant gaps remain in quantifying the influence of pollen-pollen interactions, anther
deformations, and material properties on expulsion . Addressing these gaps requires a

computational approach capable of simulating these effects with high accuracy.
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This research extends the application of the discrete element method to buzz pollination
by developing a computational framework that models pollen motion under vibrational
excitation. Unlike previous models, this study incorporates anther deformation effects
and explicitly examines how key factors—including vibration frequency, amplitude, anther
geometry, and pollen material properties—affect pollen expulsion rates. Additionally, this
work quantifies the role of particle restitution in pollen release and establishes a direct
relationship between the jerk of the anther wall and pollen expulsion dynamics. Finally,
the computational results are compared against experimental trends, demonstrating that
DEM can successfully capture key features of pollen expulsion, thereby validating its use as
a modeling tool in buzz pollination research.

Beyond its contributions to fundamental research, this work has broader implications
in both ecology and agriculture. The insights gained from DEM modeling can inform
future experimental studies by providing testable hypotheses and quantitative predictions.
Additionally, the findings may support the optimization of artificial pollination techniques for
crops that rely on buzz pollination, as well as conservation strategies for pollinator-dependent

plant species by improving the understanding of pollen transfer .

Thesis Structure

This thesis is structured to provide a comprehensive examination of buzz pollination
mechanics, beginning with theoretical foundations and culminating in numerical results and

conclusions.

e Chapter 2: Theoretical Framework and Computational Methods This chapter
presents the governing equations, force models, and numerical implementation of DEM.
It outlines the key assumptions, boundary conditions, and parameter selection used in

the simulations.
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e Chapter 3: Simulation Results and Analysis This chapter discusses the results
obtained from DEM simulations, examining the effects of vibration parameters, anther

geometry, and pollen material properties on expulsion behaviour.

e Chapter 4: Conclusions The final chapter synthesizes the findings of this research,
highlighting key insights and potential applications. It also outlines directions for
future work, including refinements to the computational model and experimental

validations.
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THEORY

This section provides an overview of the computational approach used in this thesis,
specifically the Discrete Element Method (DEM) and its implementation in Siemens’
SimCenter STAR-CCM+ 2206. Additionally, the specific simulations models and parameters

used for this work are detailed.

Discrete Element Method (DEM)

Fundamental Principles

A useful way to visualize DEM is to imagine the opening break in a game of billiards.
When the cue ball strikes the neatly racked set of balls, energy is transferred through
individual collisions, causing balls to scatter, bounce off each other, and interact with the
table’s boundaries. Each ball follows Newton’s laws of motion, moving independently based
on its own velocity and the forces acting upon it. Approximated in a computer, the cue ball
would impart an initial force, and subsequent interactions between balls would be calculated
step by step over many hundreds to thousands of tiny fractions of a second, resolving contact
forces, energy dissipation, and momentum transfer over the period of interest.

Unlike many traditional numerical modeling approaches that rely on a fixed mesh—a
collection of discrete elements that subdivide a domain into smaller, well-defined pieces
to solve a system of partial differential equations—DEM centers the reference frame and
equations of motion on each particle [10]. This methodology is particularly useful for
handling large length-scale differences, such as particles with diameters in the micron range
and travel paths up to ten millimeters. Because DEM operates in a Lagrangian framework,
surface and body forces are computed individually for each particle of mass m and summed
to determine the total force acting on the particle. Newton’s second law is then used to

compute acceleration:
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Ftot = ma. (1)

This concept is discussed in detail in the next section, where the particle equations of
motion are defined.

DEM particles are not necessarily spherical; they can have faceted shapes. However,
assuming pollen grains to be smooth and spherical [21], the rotational energy in this problem
is negligible. As a result, the rotational momentum balance typically considered in DEM
can be ignored, and a detailed description is omitted.

From a known acceleration of a particle, integrating twice yields its position:

X = Xo + vt + at? (2)

With a sufficiently small time step At, the position x of each particle is updated in two

stages: first, the velocity is updated as

Vnew = Vold + aAt, (3)

and then the position is updated as

Xnew = Xold t+ VnewAt- (4)

This process is repeated for all particles, for each time-step, until the simulation ends.

Bold variables in these equations indicate vector quantities.



23

Particle Equations of Motion

Governing Equations of Motion The motion of each particle is determined primarily by

surface forces and body forces, given by:

d
mp% = Fs + Fba (5)

where v, is the instantaneous particle velocity, F represents the resultant surface forces
acting on the particle, and Fy represents the resultant body forces.

The surface and body forces can be further decomposed as

F,=F;,+F,+F,, (6)

and

F,=F,+Fyrr+F.+Feco, (7)

where F; is the drag force, F, is the pressure gradient force, F,,, is the virtual mass force,
F, is the gravitational force, Fgr accounts for forces acting on a particle in a rotating
reference frame, F. is the contact force, and F, is the Coulomb force.

The surface forces represent the total momentum exerted on a particle by the
surrounding medium. In coupled modeling approaches, these forces—such as drag (Fy),
pressure gradients (F,), and virtual mass effects (F,,,)—arise due to interactions between
the particles and the surrounding fluid. Drag force opposes particle motion due to viscous

interactions, pressure gradient forces stem from spatial variations in fluid pressure, and
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virtual mass forces account for the inertia of displaced fluid when a particle accelerates
through it.

While these forces may contribute to pollen dynamics, they are not included in the
present DEM framework. This decision follows the approach taken in Hansen et al. [13],
where fluid effects were omitted to focus on the granular mechanics of pollen expulsion.
Additionally, prior experimental work by Buchmann and Hurley (1978) [7] suggested that
pollen expulsion occurred similarly in vacuum conditions, implying that aerodynamic forces
may not be the primary driver of pollen release.

Given these considerations, neglecting fluid forces serves as a reasonable first approx-
imation for modeling pollen expulsion, allowing simulations to proceed without the added
complexity of fluid-particle coupling. However, future studies may incorporate these effects
to better capture potential secondary influences on pollen trajectories, particularly in cases
where airflow within the anther could play a role.

In DEM modeling, body forces represent external forces acting on each particle due
to external fields, rotational, and inter-particle interactions. These forces include the
gravitational force (F ), forces arising from a rotating reference frame (F/rr), contact forces
(F.), and Coulomb forces (F¢,). Each of these forces contributes to the overall motion of
particles in the system, with contact forces playing a particularly critical role in granular
interactions.

A study by Bowker and Crenshaw [3] found an average positive charge across seven
plant species of approximately 0.32 fC with values ranging from -0.6 fC to 1.2 fC depending
on the species, yielding electrostatic forces that are of the same order as the gravitational
force. From preliminary simulations and further justifications presented in later in this
thesis, it was determined that gravitational acceleration had a negligible impact and mirrors
the observations of [7] where the anther orientation did not significantly impact pollen

expulsion. Although Nevard and Vallejo-Marin (2022) examined pollen deposition rather
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than expulsion, they similarly found no significant effect of floral orientation on deposition
across multiple Solanum species [22]. As such, gravity and electrostatic forces are also
excluded in this initial study. Considering these simplifications, the total force acting on
a pollen particle consists of only contact forces with other particles and walls. The forces
arising from the (Fjrp) term also fall out due to the lab reference frame used in Siemens’
SimCenter STAR-CCM+ 2206.

Contact forces (F.) govern both particle-particle and particle-boundary interactions.
These forces arise when particles come into direct contact, leading to deformation and force
transmission according to a defined contact model. Contact interactions consist of both
normal and tangential components, which influence the transfer of momentum and energy
within the system. In this study, the Hertz-Mindlin no-slip contact model is employed
to describe these interactions, providing a framework capable of calculating elastic and
dissipative forces between pollen grains and anther walls. A full description of this model
follows in the next section.

Since DEM particles have orientations, angular momentum must also be conserved:

dw,,

La

= M, + M.. (8)

However, assuming pollen grains to be smooth and spherical [21], the rotational energy in

this problem is negligible. As a result, a detailed discussion of rotational dynamics is omitted.

Hertz-Mindlin Contact Modeling The Hertz-Mindlin no-slip contact model is used to

compute the normal (F,,) and tangential (F}) components of the reaction force between two

colliding particles:
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where the normal direction n follows the line connecting the particle centers, and the
tangential direction t is parallel to a modified difference of the two particle velocities (12, 34].
Figure 1 provides a simplified representation of the contact force between two spheres, A and
B. If multiple spheres interact simultaneously, the forces from each sphere pair are evaluated

separately and then summed to obtain the cumulative contact force.

X

Figure 1: Simplified collision of two particles with tangential and normal force components.

The normal and tangential force components are determined using Equations 10a—-10c
and 1la—1lc, where subscripts n and t indicate normal and tangential components,
respectively. These forces incorporate the material stiffness, K, and damping, N. Stiffness
quantifies the force required to stretch or compress a particle by a unit length, while damping
represents the force opposing this deformation rate, scaled by the coefficient of restitution,
Chrest- This coefficient is a dimensionless number that indicates the fraction of kinetic energy
retained after a collision, where C.. = 1 corresponds to a perfectly elastic collision, and
Crest = 0 signifies complete energy dissipation. The material damping terms vanish for
perfectly elastic collisions. The tangential force is conditionally dependent on the static

friction coefficient, Cf;.
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F, =—-K,d, — N,v,, (10a)

4
Ky = 5 Eeq\/duRey, (10b)
Y 5KnMe l On res

\/77'2 + ln (Cn rest)2

Due to the finite time step during a simulation, the geometry of the two particles will overlap
by a small amount, d, in each direction [10], making Figure 1 an idealized depiction. The
progression of particle overlap is illustrated in Figure 2.

During a collision, the relative velocity, v, between two particles plays a critical role in
determining the interaction forces. This velocity is decomposed into normal and tangential
components, which define how momentum is transferred between the contacting particles.
The normal component of velocity contributes to compression and restitution, influencing
the extent of overlap and subsequent separation after impact. Meanwhile, the tangential
component governs the sliding or rolling motion at the contact point, contributing to
frictional forces. These decompositions are fundamental to the Hertz-Mindlin contact model,
as they allow for the independent treatment of normal and tangential forces during particle

collisions. The forces governing these interactions are expressed in Equations 10 and 11.
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Figure 2: Progression of two colliding particles and their resulting overlap. In (a) (t = to),
the particles begin their trajectories separated. In (b) (t =ty + At), the particles are near
collision but remain separated, with time stepping proceeding along their original
trajectories. In (c) (¢ = to + 2At), the particles have collided, resulting in a registered
overlap.
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Equations 10 and 11 utilize equivalent physical values, defined as

1
Mey = — T (12a)
Mt M
1
Rey= —— (12b)
Ra T Rp
1
Eeq - 171131 171@2B ’ (]'QC)
Ea + Ep
1
Goy = (12d)

2(2—v4)(14va4) + 2(2—vp)(14+vp)’
Ea Ep
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where spheres A and B may have distinct masses M, radii R, and material properties. Here,
FE is the Young’s modulus, and v is the Poisson’s ratio. The shear modulus G is computed
from these parameters. When applying the Hertz-Mindlin no-slip contact model to a sphere-
wall interaction, the wall is assumed to have infinite radius and mass, i.e., R, = oo and
M yanr = 0.

The Hertz-Mindlin no-slip contact model was selected for its ability to capture both
normal and tangential forces during particle collisions, making it a widely used approach in
DEM simulations. Unlike simpler linear spring-dashpot models, it accounts for the nonlinear
stiffness of elastic contacts, which is particularly relevant for pollen grains undergoing
repeated, high-frequency interactions. While pollen grains are not rigid like traditional
DEM materials such as sand or gravel, the Hertz-Mindlin model remains a reasonable
choice because it effectively captures nonlinear elastic behavior. This provides a foundation
for future refinements that could incorporate additional pollen-specific properties, such as
particle compliance, triboelectric charging, or viscoelastic effects. By using this model, we
establish a baseline representation of pollen expulsion dynamics while ensuring flexibility for

more detailed studies in the future.

Scaling Considerations and Non-Dimensional Analysis Understanding the relative

importance of different forces acting on pollen grains is useful for validating key modeling
assumptions in DEM. By employing non-dimensional parameters, we systematically assess
whether forces such as fluid drag and gravity play a significant role in pollen motion or if
they can be reasonably neglected. This approach provides a quantitative basis for simplifying
the governing equations while ensuring that the primary drivers of pollen expulsion—contact
forces and anther vibrations—are accurately captured. Additionally, these scaling arguments

offer insight into conditions under which fluid or gravitational effects may become relevant,
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guiding potential extensions of this work. In particular, the Stokes number (St) determines
whether fluid forces significantly affect pollen movement, while the force ratio (II) provides
insight into the role of gravity relative to contact interactions.

To assess the relative importance of fluid forces on pollen motion, we estimate the

Stokes number, which is defined as:

Ppdpv
St = —— 13
b (13

where p,, is the pollen density, d, is the pollen diameter, v is the characteristic pollen velocity,
and g is the dynamic viscosity of air.

Representative values from Table 1 are used for this analysis (p, = 1000 kg/m?, d, =
1.0 x 107° m, and p = 1.8 X 107 Pa-s). The velocity v is estimated based on the anther
wall movement (v ~ 0.1 m/s) and serves as an approximation for characterizing the relative
influence of fluid forces on pollen motion. This value is lower than the peak tip velocity
observed in deforming anthers by [20], but provides a reasonable basis for evaluating the

Stokes number. The Stokes number is then estimated as:

St

Q

6.2. (14)

Since St > 1, the inertia of pollen grains dominates over fluid drag, indicating that
particles do not significantly follow airflow but instead move primarily due to contact
interactions and anther vibrations. This justifies the assumption that fluid effects can be
neglected in the DEM simulations, meaning we can remove the entirety of the aerodynamic
term Fy term from Eq. 5.

Although air resistance may influence pollen motion, the characteristic ejection speeds
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observed in vibrational pollen release experiments suggest that direct particle collisions are
the dominant force driving expulsion. This analysis indicates that fluid interactions are
secondary in the present simulations; however, for cases where St ~ 1 or lower, future studies
may benefit from incorporating fluid coupling effects to fully capture pollen dynamics.

To assess the relative influence of gravitational forces compared to contact forces in

pollen motion, we define the force ratio II as:

- (15)

where F;, = m,g is the gravitational force on a pollen grain, K, is the normal contact
stiffness, and d,, is the characteristic deformation of the pollen grain during contact. A small
value of IT (I <« 1) indicates that contact forces dominate over gravitational forces, implying
that particle motion is driven primarily by anther vibrations and inter-particle interactions
rather than settling under gravity.

The normal contact deformation d,, can be estimated by considering the kinetic energy
of a pollen grain during a collision with a rigid wall. The deformation can be approximated

by equating the initial kinetic energy to the elastic potential energy stored in the contact:

1 1
—my? = §Kndi (16)
Solving for d,,:
2
d, = )22 (17)
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Using representative values from Table 1, where m, = 4.2 x 107! kg, K,, = 1.6 x 10 N/m,
and assuming a characteristic velocity of v ~ 0.1 m/s (derived from anther wall velocities

observed in [20]), we obtain:

/(4.2 x 10719 kg)(0.1 m/s)?
n = \/ 1.6 x 109 N/m ’ (18)

dp~ 1.6 x 107° m = 16 nm. (19)

Substituting this value into Eq. 15, using g = 9.81 m/s?, we obtain:

_ (42x 1071 kg)(9.81 m/s?)
= (1.6 x 109 N/m)(1.6 x 10~ m)’ (20)

IM~20x10"". (21)

Since II is several orders of magnitude smaller than 1, this confirms that gravitational
forces are negligible in comparison to contact forces. As a result, pollen motion is dictated by
particle interactions, anther vibrations, and boundary collisions, rather than gravitational
settling. This validates the assumption that DEM simulations can exclude gravitational
effects from Eq. 7 without significantly altering the dynamics of pollen expulsion.

To further illustrate the insignificance of gravitational forces, we estimate the velocity
at which gravity and contact forces become comparable (IT = 1). Setting IT = 1 in Eq. 15,

we solve for v:
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= . 22
o=/ (22
Substituting known values:
4.2 x 10710 kg)(9.81 m/s”
1.6 x 10° N/m
v~ 1.6x10"" m/s = 1.6 nm/s. (24)

Since this velocity is several orders of magnitude lower than any realistic pollen movement
induced by vibrational excitation, gravitational forces remain negligible compared to contact
forces. This further confirms that contact interactions are the dominant forces governing
pollen expulsion in DEM simulations.

Thus, the final governing equation for pollen motion in DEM simplifies to:

dv,

Implementation in STAR-CCM+

This work splits its discussion based on the type of anther deformation permitted in
the simulations. First, a simple translating motion is applied, in which the anther moves
as a rigid body without deformation. This approach isolates the role of pollen-pollen

interactions and material properties, particularly for simulations incorporating different
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restitution coefficients. Second, the anther undergoes deformation following the first two
mode shapes of a cantilever beam, allowing for an investigation into how energy transfer
from the anther wall influences pollen expulsion dynamics.

The translating simulations, which apply a uniform translation to the entire anther
similar to [13], are discussed first. The second set of simulations explores the effects of

modal deformation, focusing on how structural vibrations alter pollen expulsion.

DEM in STAR-CCM+

Meshing of “Mesh-free” DEM When applying contact modeling to walls, the term

‘mesh-free” DEM can be somewhat misleading, as discretization of the bounding walls is
necessary to facilitate particle-wall interactions. In this study, the walls are not static;
rather, they move and deform according to prescribed time-dependent equations, which
govern their displacement at each moment in the simulation. In a DEM simulation, the
walls are represented by a triangulation of the constantly updating surfaces, which serve
as surface patches to detect contact. In a simple system where the bounding walls do not
deform (or purely translate), this mesh can be relatively coarse, resembling Fig. 3a, where
the surface normal is constant everywhere and the intersection of the plane of any triangle
is not changed through progressive subdivision. However, if the wall is non-planar and
subject to deformation, a finer mesh is required to accurately capture contact points along
its surface, as shown in Fig. 3b. In the present simulations, a base mesh size of 1 mm
was used to discretize the anther walls with a minimum size of 0.02 mm near the pore,
balancing accuracy and computational efficiency. A finer mesh improves contact resolution
but increases computational cost, while a coarser mesh may reduce accuracy in tracking
deformation and particle-wall interactions.

The importance of finer meshes for deforming walls becomes more evident when

considering a side view of the bounding walls. If the wall is initially represented as a
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(a) (b)
Figure 3: Comparison of a coarse mesh (left) and a finer mesh (right). (a) Coarse
triangular meshing of a wall. (b) Finer triangular meshing with increased resolution.

discretized two-dimensional plane (Fig. 4a), with cells extending into the page, and then
deformed into a sinusoidal shape (Fig. 4b), the discrete representation of the mesh (the
number, shape, and location of the elements that make up the surface mesh) affects how
deformations are captured, as seen in Fig. 5, and therefore how and when particles collide
with a wall and in what direction they are accelerated.

To prescribe movement or deformation to the anther walls, time-dependent equations
are applied directly to each node of the meshed walls. These equations govern the
displacement of each node, ensuring the wall follows a predefined motion throughout the
simulation. For simple translation, a uniform equation describing position or velocity over
time is applied to all nodes. In contrast, for wall deformations such as sinusoidal oscillations
or modal vibrations, the equations must account for individual node positions. This is
typically done by expressing displacement as a function of both spatial position (z) and
height along the anther (y).

Since deformation is applied only at the mesh nodes, the wall deformation is not truly
continuous, as illustrated in Fig. 4b. Instead, the contact points between particles and the
wall follow a discretized representation, as shown in Fig. 5. This means that while the

prescribed motion defines an idealized smooth deformation, the actual interaction between
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(a) (b)

Figure 4: Effect of deformation on a discretized bounding wall. (a) Planar wall with evenly
spaced nodes. (b) Sinusoidally deformed wall where nodes follow the shape of the
deformation.

particles and the wall occurs at discrete mesh points, affecting how forces are transmitted.
However, a finer mesh also significantly increases the computational cost of DEM simulations
due to the larger number of deformed points requiring calculation and the corresponding

increase in particle-wall collision checks.

(a) (b)
Figure 5: Comparison of coarse (left) and fine (right) meshing for DEM wall discretization.
Finer meshing improves contact accuracy but increases computational cost. The red
markers indicate nodal points used for contact detection, with finer meshes capturing more
accurate wall deformations.

Time-Stepping In Siemens’ SimCenter STAR-CCM+ 2206 [30], the mesh-free DEM

model employs an explicit time integration scheme, where selecting an appropriate time
step At is critical for maintaining numerical stability and ensuring that particle interactions
remain physically realistic. For the simulations performed in this study, a fixed time-step of
At = 5-107° seconds was used, ensuring stability while maintaining computational efficiency.
If the time step is too large, numerical errors can lead to unrealistic particle overlap or missed

collisions, destabilizing the simulation. To prevent these issues, STAR-CCM+ constrains the
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time step using the fastest relevant timescale governing particle motion, which is determined
by three primary factors: the Rayleigh wave propagation time 7 (Eq.26a), the impact

duration 7 (Eq.26b), and the particle transit time 73 (Eq. 26¢).

R
T = T— (26&)
VRayleigh
5V2rpl—12\° R
=904 (2V2TPL=Y , (26b)
4 E \5/ Uimpact
R
= ' (26¢)
Uparticle

The primary constraint on the DEM time step arises from the assumption that the
force acting on a particle is influenced only by its immediate neighbors within a single time-
step. This is represented in Eq. 26a, where R is half of the characteristic minimum particle
dimension, or in the case of a pollen particle, its radius. The Rayleigh wave velocity vrqyicign
is determined by the material properties of the particle.

The second limiting factor is the duration of an impact between two perfectly elastic
particles. For two particles of equal radius R, this is given by Timoshenko (1951) in Eq. 26b
where Vimpaer 1s the impact velocity.

The final constraint, the particle transit time 73 (Eq. 26¢), prevents particles from
passing through other particles or boundary walls. This condition achieves pass-through
prevention by ensuring that a particle moves no more than its radius R within ten time
steps, where vpgicie 18 the particle velocity.

The final time step for an individual particle is determined as the minimum of:

min(7eeqre - 71, 0.1-79, 0.1-73), (27)
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where Ty.q is a user-defined time-scale within STAR-CCM+. The inclusion of the 0.1 scaling
factors for 7 and 73 provides a stability buffer, ensuring that impact forces and particle

motion are resolved with sufficient temporal resolution to prevent numerical artifacts.

Model Definitions

Translating Simulation To simplify the anther geometry and provide a more direct

comparison to the existing numerical models, a box approximation was used, which is based
on Solanum lycopersicum (Solanaceae) as described in [13]. Two geometries were created: a
pseudoporicidal anther modeled as an extruded 2D shape similar to [13], resulting in a slit at
the apical end, and a poricidal design featuring a finite-sized pore at the apical end to better
represent a real pore [7]. Both anther geometries were defined with a width and length of
a = 0.69mm and a height of b = 5.07mm. Additionally, a hole at the top of the anther was
dimensioned as h = 0.22 mm, such that the pseudoporicidal model’s slit accounted for 31.9%
of the total top area, while the poricidal model featured a square pore occupying 10.2%. The
anther geometries and pore shapes are shown in Fig. 6.

Modeled after the vibration profile described in [13], the anther undergoes strictly
translational motion along the y-axis of Fig. 6. The position of the anther wall is given

by

Swan = n(cos(wit) + cos(wat)), (28)

and the corresponding velocity is

Vwan = —n(wy sin(wqt) + wy sin(wot)), (29)
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Figure 6: Representation of poricidal geometry (right) and pseudoporicidal geometry
(left). The orange shaded region indicates where particles are injected, while the gray
shaded area represents the pore exit. These geometries approximate anthers found in the
Solanum family.

where t represents time and 7 is the half peak displacement amplitude. Due to the two
components in S,q;, the peak displacement amplitude is 27 and varies from 0.4 mm to 2
mm in increments of 0.4 mm. The frequency w; is varied, while wy remains fixed at 390
Hz. The varied frequencies include 150 Hz, 200 Hz, 300 Hz, and 400 Hz (capturing the
biologically relevant buzzing range) and extend from 550 Hz to 1600 Hz in increments of 350
Hz.

This wide frequency range was chosen to allow direct comparison with previous studies
[13, 27] and to assess whether modeling provides insight into the influence of frequency on
pollen release. Unlike in [13], a fixed wy does not guarantee a beat or pulse at the variable
frequency, but it does produce a more organic signal compared to a pure tone. While the
chosen excitation frequencies extend beyond the typical 100-400 Hz range observed in bees,

artificial pollination technologies are not constrained by biological limitations. Therefore,
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Figure 7: Parameter space of excitation frequencies and displacement amplitudes used in
the study. The varied frequencies include biologically relevant buzzing frequencies (150-400
Hz) as well as higher frequencies (550-1600 Hz).

exploring higher frequencies can help determine whether they enhance pollen expulsion.

Each of the 80 simulations involved randomly seeding 10,000 pollen particles in the
bottom 5% of the anther, as shown in the shaded region of Fig. 6. The number of pollen
grains in an anther varies significantly across plant species. For example, Kemp and Vallejo-
Marin reported averages ranging from 22,000 to 466,000 grains for six Solanum species [18],
while Vallejo-Marin et al. observed averages between 29,000 and 800,000 [36]. Harder and
Barclay found an average of 1,270,700 grains for Dodecatheon conjugens [14].For this work,
a comparison between simulations using 10,000 and 100,000 particles showed no significant
difference in the results, making the lower count preferable due to reduced computational
costs.

The particles were seeded at the bottom of the anther under the assumption that

pollen settles in a common area due to agitation, resulting in a packing density of 34.7%.
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Lower packing densities would reduce initial particle collisions, slowing pollen release. The
coefficients of restitution were set to represent a perfectly elastic system to allow direct
comparison with the billiards model for the bulk of the translating simulations, but a subset
of simulations were run with varying restitution to determine its significance. Pollen particles
were initialized with zero velocity and had properties listed in Table 1.

The Young’s modulus of pollen depends on hydration and was approximated based on
the work of [25]. Pollen density also varies with hydration [31], with reported values between
968 kg/m? and 2238 kg/m? [37]. A density of 1000 kg/m?® was chosen as a representative
value. Under perfectly elastic conditions, the Young’s modulus acts as a scaling factor for
the response time of pollen particles to collisions, while particle mass is ignored. Simulations
were run for 0.5 s with a time step of At =1 us.

Table 1: Pollen properties [4]* [23]" [25]* and simulation values®.
Variable Value

E? 1.6 GPa

v* 0.45

pd 1000 kg/m?
R 0.01 mm
Cn T68t§ 1.0

Ct rest§ 1.0

vg® 0m/s

Modally Deforming Simulations In addition to the strictly translational simulations, a

set of modal vibration simulations was performed to investigate the effect of the shape of
anther deformation on pollen expulsion. These simulations used the same pollen and wall
material properties as before (assuming a coefficient of restitution equal to 1), but the anther
geometry was modified, and a deformation profile was prescribed.

The new anther geometry was cylindrical, with a height of h = 8.9 mm, a radius of
r = 0.28 mm, and a hole diameter of r, = 0.089 mm. These values were selected to align more

closely with ongoing experimental studies and differ from the translating anther geometries,
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which had a box-like structure with a height of b = 5.07 mm and a square cross-section of
width ¢ = 0.69 mm.

The cylindrical shape introduces key differences from the box-like geometries used in the
translating simulations. First, the curved inner surface further alters the direction of particle
reflections upon impact, potentially influencing the distribution and trajectory of pollen
grains. Unlike planar walls that reflect particles in predictable directions, the curvature of
the cylindrical anther can create a more varied dispersion of pollen grains inside the anther,
potentially affecting expulsion efficiency.

Second, the cylindrical geometry results in a smaller surface area experiencing the
highest velocities during vibration. In contrast to a flat wall that moves uniformly, the
deformation profile of a cylindrical anther creates spatial variations in velocity amplitude,
which could affect how efficiently energy is transferred to pollen grains. Additionally, the
modal deformations propagate differently through the anther structure, potentially leading
to variations in pollen expulsion dynamics compared to the translating cases.

The dimensions of the cylindrical anther also introduce additional differences in how
pollen is moved within the anther. The overall height is greater than that of the translating
anther, which may allow for more sustained pollen-pollen interactions before grains reach
the pore. The smaller pore size (r, = 0.089 mm) relative to the square poricidal opening of
the translating anther (h = 0.22 mm) could also influence the rate at which pollen exits the
structure. Future comparisons between these models will help assess the relative impact of
geometry, deformation mode, and vibration parameters on pollen release.

The displacement of the anther walls in the z-direction along its height is described by

Eqgs. 30 and 31, where ¢, and ¢, are the modal deformations, n is the peak tip displacement:

Swail; = 1sin (wt) - ¢y, (30)
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Figure 8: Representation of the poricidal deforming geometry. The orange shaded volume
represents the region where particles are injected, while the gray shaded area represents the
pore exit.

Swalty, = N sin (wt) - ¢g. (31)

The mode shapes ¢; and ¢, are given by Eqgs. 32 and 33, where k; and ks are wave numbers

determined by the anther geometry, and z represents the height along the anther’s length:

61 = 5 (cos(hr - 2) — cosh(ky - 2) + C - (sin(s - 2) — sinh(ky - 2))), (32)
02 = = (cos(ks - 2) — cosh(ky - 2) + C - (sin(ks - 2) — sinh(kz - 2)) . (33)

2
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The resulting deformation profiles are shown in Fig. 9.

To investigate the effects of vibration frequency and displacement amplitude on pollen
expulsion, eight parameter sets were evaluated. The two tested frequencies (100 Hz and
400 Hz) were selected to represent the range of biologically relevant vibrations observed in
buzz pollination. Two displacement amplitudes 1 x 1072 m and 1 x 10~* m were chosen to
encompass expected variations in anther deformation, yielding for four simulations for both

mode 1 and mode 2 deformations.
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Figure 9: Comparison of the first and second mode shapes of the vibrating anther
structure. The displacements are normalized such that the maximum tip displacement is 1
mm. The x-axis represents the position along the anther, while the y-axis shows the
corresponding displacement magnitude for each mode.
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RESULTS

This chapter presents the results of the discrete element method (DEM) simulations,
focusing on the expulsion of pollen from vibrating anthers. The results are divided into two
primary sections: translating anther simulations and deforming anther simulations. Each
section explores different aspects of pollen expulsion, including the role of pollen-pollen

interactions, overall expulsion trends, and expulsion rates across parameter sets.

Translating Anther Simulations

Pollen Expulsion Trends Over Time

In introducing a new numerical model to investigate buzz pollination, part of the initial
intent of this study was to compare results from DEM to those observed in Hansen [13]
after 1.0 second across the entire parameter space. However, as shown in Fig. 10, by
0.5 seconds, every simulation had already reached full expulsion. This lack of variation
provided no meaningful insight into how vibration parameters influenced pollen expulsion.
To determine whether displacement amplitude and frequency played a role at earlier stages
of the simulations, we examined pollen expulsion trends at earlier times.

We then turned to pollen release at 0.05 s (Fig. 11). Unlike the previous plot, this figure
revealed a clear trend: simulations with higher displacement amplitudes and frequencies
exhibited significantly greater pollen expulsion at this early stage. This provided the first
strong evidence that frequency and amplitude meaningfully influence expulsion rates, even
if total expulsion is eventually achieved across all conditions.

Examining pollen expulsion at earlier times revealed how vibration parameters influence
expulsion rates in greater detail. While total expulsion was nearly universal by 0.5 s, the
earlier time steps clearly demonstrated that pollen release rates are strongly dependent on

displacement amplitude and frequency.
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Figure 10: Total pollen released after 0.5 seconds as a function of displacement amplitude
and frequency. Some variation is observed, but most simulations still approach full
expulsion, suggesting that key differences occur earlier in the process.
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Figure 11: Total pollen released after 0.05 seconds as a function of displacement amplitude
and frequency. At this early time step, a strong trend emerges, showing that higher
frequencies and displacement values correspond to faster pollen expulsion. This pattern
closely aligns with trends observed in Hansen et al. [13].
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By examining total pollen expulsion at ¢ = 0.05 s, we observed that higher frequencies
and displacement amplitudes led to significantly faster expulsion. This indicated that while
all tested excitation conditions ultimately achieved full pollen release, their rate of expulsion
varied substantially depending on the vibration parameters.

These findings align with prior work on vibrational pollen release, particularly the
frequency-dependent expulsion trends identified by Hansen et al. [13] and the acceleration-
driven expulsion dynamics reported by Rosi-Denadai et al. [27]. Our DEM simulations
exhibited faster expulsion timescales compared to these experimental measurements but
captured the same overall dependence on vibration frequency and displacement amplitude.
This agreement provides an independent confirmation of the key vibrational parameters
governing pollen release and offers a more systematic framework for quantifying expulsion

dynamics across a range of conditions.

Pollen-Pollen vs. Pollen-Wall Interactions Over Time

To assess the significance of pollen-pollen interactions in the translating anther
simulations, the average number of pollen-pollen and pollen-wall collisions was tracked
over time across all simulations. These interactions were analyzed separately for both the
poricidal and pseudoporicidal geometries which provides an early idea of how the pore size
influences these results. Figure 12 reveals distinct differences in pollen-pollen vs. pollen-
wall interactions across the two geometries. In both cases, pollen-pollen collisions initially
increase but plateau as particles disperse. However, pollen-wall interactions dominate for
the poricidal geometry likely because the smaller exit restricts how quickly pollen is expelled
forcing more wall interactions, but with increasingly large distances between pollen particles
as their numbers decrease over time.

The pseudoporicidal geometry exhibits a higher relative proportion of pollen-pollen

interactions throughout the simulation. This is most likely due to the lower surface area
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Figure 12: Average number of pollen-pollen and pollen-wall interactions over time for
poricidal and pseudoporicidal geometries. The poricidal geometry (blue) exhibits a higher
overall number of collisions, particularly for pollen-wall interactions, whereas the
pseudoporicidal geometry (red) has a lower amount of collisions.

standing in the way of pollen expulsion.

The translating anther simulations provided a controlled environment to isolate and
examine the granular dynamics governing pollen expulsion. A key finding was the critical
role of pollen-pollen interactions. Unlike models that assume pollen grains behave as
independent particles, these simulations demonstrated that inter-particle collisions are a
dominant mechanism in guiding grains toward the anther pore. The significance of this effect
was present in both poricidal and pseudoporicidal geometries but inter-particle interactions
were more pronounced in the latter due to the wider ejection area. By explicitly modeling
these interactions, we were able to eliminate the need for predefining an initial pollen velocity,
as the cumulative effect of particle collisions and energy transfer naturally drove pollen
movement. This approach captures a more physically representative mechanism of pollen

transport, where the anther’s vibrations induce inter-particle interactions that ultimately
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dictate expulsion rather than relying on predefined motion.

Examining the temporal evolution of these interactions revealed two distinct phases in
the expulsion process. In the early stages of vibration, pollen grains experience frequent
collisions with one another, leading to a rapid redistribution of trajectories. This high initial
rate of inter-particle interactions allows for an efficient spread of kinetic energy throughout
the pollen cluster, generating a broad distribution of particle velocities and directions. As
the simulation progresses and pollen grains begin to separate, the dominance of inter-particle
interactions diminishes, and particle-wall collisions become the primary mechanism governing
expulsion. This shift in interaction dynamics highlights the transition from a highly coupled
granular system to a more ballistic regime, where individual pollen grains predominantly
interact with the vibrating anther walls before eventual ejection.

This study contrasts with previous work by Hansen et al. [13], where pollen grains were
assigned an initial velocity rather than gaining momentum through repeated collisions. While
this assumption provided a simplified means of modeling expulsion, our findings suggest that
inter-particle energy transfer plays a fundamental role in determining pollen trajectories,
reinforcing the necessity of treating pollen expulsion as a granular process rather than a
system of independent particles. Particle-particle collisions accounted for an average across
the parameter sweep of 30.03 & 1.32% and 39.50 4 2.67% of all collisions in poricidal and
pseudoporicidal anthers, respectively.

Comparing poricidal and pseudoporicidal geometries further illustrates the effect of
boundary constraints on pollen interactions. In the poricidal case, pollen grains encounter
more wall collisions before exiting, leading to a greater overall number of particle-wall
interactions. In contrast, the pseudoporicidal anther allows for a wider dispersal of pollen
grains upon release, reducing the relative fraction of wall interactions compared to inter-
particle collisions. However, in both and cases across the range of parameters tested, the

transition from early-stage inter-particle interactions to late-stage wall interactions remains
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consistent, reinforcing the conclusion that particle collisions serve as an intermediate step in

the pollen expulsion process before anther vibrations ultimately drive expulsion.

Quantifying Pollen Expulsion Rates

To understand how different vibration parameters influence pollen expulsion, we first
examine how the number of expelled pollen grains evolves over time. Observing this time-
dependent expulsion behavior is critical for identifying trends that may not be apparent
when analyzing only the total expelled pollen at a single time step.

Figure 13 presents representative examples of pollen expulsion over time for both
poricidal and pseudoporicidal anther geometries. The curves reveal an initial period of rapid
expulsion, followed by a gradual slowdown as fewer grains remain available for ejection. As
seen in Fig. 13, the expulsion curves exhibit an approximately linear region during the early-
to-mid expulsion phase, a trend consistently observed across all translating anther models.
To characterize expulsion rates across simulations, we define a characteristic time, ¢, 2, as the
time at which 50% of the initial pollen grains have been expelled. While other points such as
t1/4 or ty/3 could similarly be used, ¢; /5 provides a convenient and robust reference point near
the center of the linear expulsion period. It should be noted that ¢;/, does not necessarily
mark the end of linear expulsion behavior, but rather serves as a consistent measurement
point across cases.

To characterize the rate of pollen expulsion, we define P as the slope of the expulsion
curve evaluated at ¢ /5, the time at which half of the initial pollen grains have been expelled.
This provides a consistent measure of the active expulsion phase across simulations, avoiding
the brief initial delay before particle expulsion begins and excluding late-time plateauing once
most pollen has been expelled.

While the expulsion rate P provides a consistent metric for comparing different

simulations, it does not directly explain why certain vibration parameters result in faster or



o1

10,000

8,000

6,000

4,000

Expelled Particles

2,000 H

--- Poricidal

= Pseudoporicidal

| | I
0.2 0.3 0.4 0.5

Time [Seconds]

Figure 13: Examples of pollen expulsion over time for poricidal and pseudoporicidal
geometries at 7 = 0.4 mm and w; = 150 Hz, seeded with 10,000 particles. The thin lines
illustrate early expulsion trends; formal expulsion rates, P, are evaluated at ;5.

slower pollen release. Prior studies have proposed that peak velocity or acceleration may
influence pollen expulsion [7, 13, 27]. However, these quantities alone do not fully account for
the observed variation in expulsion rates across different excitation conditions. Motivated by
this, we explored whether jerk—the time derivative of acceleration—could serve as a stronger
unifying parameter.

Jerk (J) is defined as the time derivative of acceleration, which can be obtained by

differentiating position with respect to time. Starting from the displacement of the anther:

1. Position (z(t)):

z(t) = ncos(wt), (34)
where 7 is the displacement amplitude and w is the angular frequency of vibration.

2. Velocity (V(t)) is the first derivative of position:

_d:B

Vi) =2

= —nw sin(wt). (35)
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3. Acceleration (A(t)) is the first derivative of velocity:

_av

At) = g

= —nw? cos(wt). (36)

4. Jerk (J(t)) is the first derivative of acceleration:

_dA 3

J(t) = i sin(wt). (37)

To simplify the time dependence and focus on the maximum vibrational forcing, we

consider the peak value of jerk, which occurs when sin(wt) = 1, yielding:

Jmax = nw?’. (38)

To evaluate the relationship between vibrational parameters and pollen expulsion, we
compared the expulsion rate P against three quantities: maximum velocity (Viax ), maximum
acceleration (Apayx), and maximum jerk (Jp.x). Figure 14 presents these comparisons across
the full set of simulations.

The results indicate that while both velocity and acceleration relate to pollen expulsion
rates to some extent, jerk provides a stronger correlation across different excitation
conditions. This trend suggests that the rate of change of acceleration may play a key

role in pollen release dynamics.
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Figure 14: Comparison of pollen expulsion rate (P) as a function of maximum velocity
(Vinax), maximum acceleration (Ayay), and maximum jerk (Jp.x). While velocity and
acceleration show some correlation with expulsion rates, the strongest collapse of data is
observed when plotted against jerk.
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These findings suggest that jerk may serve as a unifying descriptor of pollen expulsion
dynamics across different vibration conditions. This approach simplifies the analysis of
expulsion behavior and offers insight into the dynamic forces governing pollen release.

While prior studies examined displacement, velocity, and acceleration as factors
influencing pollen expulsion [7, 13, 27], these parameters do not fully capture variations
across different excitation conditions. This study systematically analyzes the role of jerk
(Jmax = nw?) and finds that it exhibits a stronger correlation with expulsion rate than either
velocity or acceleration, offering a more comprehensive framework for understanding pollen
release dynamics.

These observations imply that the rate of change of acceleration, rather than peak
acceleration alone, plays a critical role in pollen expulsion. Unlike velocity and acceleration,
which describe the magnitude of motion, jerk characterizes how quickly forces within the
anther fluctuate, offering a more direct connection to the dynamic energy transfer necessary
for efficient pollen ejection. The strong correlation between jerk and expulsion rate suggests
that frequency influences pollen release not only by determining peak forces but also by
modulating the rate at which forces vary during vibration.

Potential applications of this framework could extend to artificial pollination technolo-
gies. Optimizing vibratory excitation profiles to target specific jerk values may offer a way to
enhance pollen release efficiency in agricultural systems, particularly for crops that rely on
vibratory pollen extraction. Future studies could explore the use of jerk as a predictive tool
for selecting appropriate combinations of excitation frequency and displacement amplitude

to achieve desired expulsion characteristics.

Effects of Restitution Coefficient on Pollen Expulsion

To investigate the role of energy dissipation in pollen expulsion, simulations were

performed using different normal restitution coefficients (Cies) of 0.25, 0.5, 0.75, and 1.0.
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These values represent varying degrees of inelasticity, where lower restitution coefficients
correspond to greater energy loss during collisions. The same restitution coefficient was
applied uniformly to both pollen-pollen and pollen-wall interactions. The restitution sweep
simulations were conducted at a fixed displacement amplitude of n = 0.6 mm and an
excitation frequency of w = 550 Hz, using a poricidal anther seeded with 10,000 particles.
This analysis aimed to assess how varying levels of energy dissipation influence particle

motion and subsequent pollen expulsion rates.
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Figure 15: Relationship between restitution coefficient and pollen expulsion rate. As
restitution increases, the rate of pollen expulsion rises approximately linearly, indicating
that more elastic collisions enhance particle mobility and expulsion efficiency.

Figure 15 shows how pollen expulsion rate scales with the restitution coefficient. The
data reveal an approximately linear relationship: as restitution increases, so does the

expulsion rate. This suggests that more elastic collisions allow particles to retain kinetic
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energy longer, increasing their likelihood of reaching the pore and escaping.

At lower restitution values (e.g., Ciess = 0.25), collisions are highly dissipative—particles
lose a greater fraction of their kinetic energy during each impact, making it more difficult for
grains to sustain the momentum needed for expulsion. In contrast, at Clest = 1.0, collisions
are fully elastic, allowing particles to retain kinetic energy across successive interactions and
contributing to higher cumulative expulsion rates.

This trend suggests that while the general mechanism remains consistent, restitution
modulates the intensity of expulsion, effectively acting as a multiplier on particle escape

rates.

Deforming Anther Simulations

The deforming anther simulations introduce an additional layer of complexity by alter-
ing the spatial distribution of collision forces along the anther walls, in contrast to the purely
translating cases. Rather than conducting an exhaustive parameter sweep, these simulations
focused on targeted investigations of how structural vibration modes—specifically, the first
and second natural modes of a cantilever beam—affect total pollen expulsion, expulsion

rates, and the roles of inter-particle and particle-wall interactions.

Overview of Modal Deformations

Due to the increased computational complexity of modeling anther deformation that
arises from an increased amount of time spent computing wall interactions, a limited number
of parameter sets were examined. Both mode shape displacements tested at four different
parameter sets, allowing for direct comparisons of how deformation patterns affect the timing
and extent of pollen expulsion.

Mode 1 exhibits a deformation pattern that produces a displacement that increases

along its length from the base to its pore, potentially leading to steady and direct pollen
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ejection. Mode 2 follows a more spatially complex deformation where displacement varies
along the anther in both amplitude and direction, potentially influencing pollen trajectories

before expulsion. The mode shapes were seen in Fig. 9.
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Figure 16: Cumulative pollen expulsion over time for Mode 1 deformation across all tested
parameter sets. Each line represents the number of expelled particles over time for a
different combination of vibration parameters.

Figures 16 and 17 show cumulative pollen expulsion over time for each mode across
all tested parameter sets. These results illustrate how deformation pattern influences the
timing of particle expulsion. Although not all simulations ran to full completion due to
computational constraints, they progressed far enough to reveal key trends in mobilization
behavior.

Across both mode shapes, high-frequency conditions led to faster total expulsion than
low-frequency vibrations. This outcome is consistent with the scaling of jerk, where a

fourfold increase in frequency results in a 64-fold increase in J,.,, while a tenfold increase
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Figure 17: Cumulative pollen expulsion over time for Mode 2 deformation across all tested
parameter sets. Each line shows the number of expelled particles over time for a different
parameter set.

in displacement produces only a tenfold change in J,... In both mode shapes, simulations
with 400 Hz excitation and 1 mm displacement exhibited rapid expulsion within the first
second, often reaching high levels of release before the other cases progressed significantly.
For Mode 1 deformations, pollen expulsion curves were distinct and well-stratified across
all tested vibration conditions. Higher frequency and amplitude combinations produced
faster expulsion, while lower-energy cases expelled pollen more slowly, with minimal overlap
between curves. In contrast, Mode 2 simulations exhibited a much more rapid onset of
pollen expulsion across all conditions. However, expulsion profiles for different excitation
parameters overlapped considerably, particularly at intermediate times. This behavior likely
reflects the spatial deformation characteristics of Mode 2, which involve larger displacements
near the base of the anther. In the seeded region of the anthers, displacement in Mode 2

was approximately 5.9 times greater than in Mode 1, likely contributing to the more rapid
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initial mobilization observed in Mode 2 cases.

Pollen-Pollen and Pollen-Wall Interactions in Deforming Anthers

To further characterize pollen motion during modal deformation, the relative number
of particle-particle and particle-wall interactions were tracked over time. These interactions
provide insight into how momentum is redistributed among grains and how vibrational energy
from the anther walls drives expulsion.

Figures 18 and 19 present the cumulative evolution of these interactions for Mode 1

and Mode 2 deformations across all tested parameter sets.
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Figure 18: Cumulative particle-particle and particle-wall interactions over time for Mode 1

deformation across all tested parameter sets. Solid lines represent particle-particle
interactions, and dotted lines represent particle-wall interactions.

The overall trends remain broadly consistent with those observed in translating anther
simulations. Particle-particle interactions dominate early in the simulation, redistributing

energy among grains, while particle-wall interactions steadily accumulate and ultimately
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Figure 19: Cumulative particle-particle and particle-wall interactions over time for Mode 2
deformation across all tested parameter sets. Solid lines represent particle-particle
interactions, and dotted lines represent particle-wall interactions.

drive expulsion.

In deforming anther simulations, both types of interactions increased steadily over time,
with particle-wall collisions accumulating at slightly higher rates across both mode shapes.
This indicates that, despite the added complexity of modal deformation, the fundamental
dynamics governing pollen expulsion remain consistent: energy transfer from the walls and

momentum exchange among grains jointly shape particle trajectories and release behavior.

Timing and Speed of Pollen Expulsion in Deforming Anthers

To further explore the temporal dynamics of modal pollen expulsion, two metrics are
introduced to quantify both the initiation and rate of particle release relative to the startup
delay of expulsion. The first metric, start time, was defined as the time at which the first
particle was expelled. The second metric, P, measured the average particle loss rate between

9000 and 5000 particles. This window was chosen to capture the sustained phase of pollen
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expulsion, excluding transient and plateauing behavior.

Figure 20 and Figure 21 visualize these metrics across all tested parameter sets and
both deformation modes. The z-axes of the bar charts are intentionally ordered differently
to emphasize a key observation: the factors influencing the timing of expulsion do not

necessarily align with those affecting the expulsion rate.
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Figure 20: Grouped bar chart showing the start time of pollen expulsion for Mode 1 and
Mode 2 across all tested parameter sets. Start time is defined as the moment the particle
count first drops below the initial seed count, marking the onset of measurable pollen
motion. Comparisons across modes reveal differences in how quickly expulsion is initiated

under different deformation conditions.

These results provide an initial perspective on how deformation mode influences both
the timing and speed of pollen expulsion. As shown in Fig. 20, Mode 2 consistently initiates
particle motion earlier across all parameter sets. This trend is particularly evident at lower

amplitude cases such as 100 Hz, 0.1 mm, where Mode 1 exhibits significantly delayed onset
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compared to Mode 2. The spatially complex deformation of Mode 2 appears more effective

at triggering early particle mobilization.
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Figure 21: Grouped bar chart comparing the active pollen expulsion rate between Mode 1
and Mode 2 across all parameter sets. Active expulsion rate is calculated as the average
rate of particle loss between 9000 particles and 5000 particles. These values represent the
sustained release phase after the onset of expulsion, capturing how each mode facilitates
particle ejection.

However, as illustrated in Fig. 21, Mode 1 often achieves higher active expulsion rates,
especially under high-energy conditions like 400 Hz, 1.0 mm. This suggests that once particle
motion is initiated, the more uniform and sweeping deformation of Mode 1 is better suited
to sustaining momentum and continuously directing pollen toward the pore. Together, these
findings show that the mode shape not only influences whether pollen is expelled, but also

when and how efficiently it happens.
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Comparison with Translating Anther Dynamics

Comparing deforming anther simulations to translating anther results reveals important
differences and similarities in pollen expulsion mechanisms. Although the general roles
of particle-particle and particle-wall interactions remained consistent, the introduction of
modal deformation highlighted how spatial complexity in deformation patterns can distinctly
influence the timing and rate of pollen expulsion.

Unlike translating simulations, where vibration parameters such as frequency and
displacement amplitude primarily determined expulsion characteristics, modal deformation
introduced additional spatially dependent factors influencing both initiation and active
expulsion phases. The contrasting temporal dynamics observed between Mode 1 and Mode
2 demonstrate how different vibrational modes can uniquely modulate pollen expulsion
strategies beyond what was observed under purely translating conditions.

In translating anther simulations, jerk emerged as a robust governing parameter,
effectively capturing combined effects of frequency and displacement amplitude on expulsion
dynamics. However, in deforming anther simulations the distribution of jerk and the location
of maximum jerk along the anther are constantly changing, possibly requiring a modified
version to make one-to-one comparisons. Future investigations could focus on identifying
or developing parameters that effectively incorporate spatial variability in deformation, thus
providing a more comprehensive framework for predicting pollen expulsion under realistic,

structurally complex vibration scenarios.
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CONCLUSION

The Research Goal

The goal of this research was to investigate the dynamics of pollen expulsion in buzz-
pollinated anthers using the Discrete Element Method. Buzz pollination is a biomechanical
process in which pollinators, primarily bees, apply vibrational forces to anthers to release
pollen through specialized pores. While prior experimental studies have examined the
frequencies and amplitudes associated with effective pollen ejection, the underlying granular
mechanics of pollen motion remain poorly understood.

This study sought to address these gaps by developing a computational model capable of
simulating pollen expulsion under vibratory excitation. Two primary simulation approaches

were employed:

1. Translating Anther Simulations — These simulations eliminated anther deforma-
tion, focusing solely on pollen motion under sinusoidal excitation. This approach
allowed for an in-depth examination of pollen-pollen interactions, expulsion rates, and

the role of vibration parameters in determining ejection dynamics.

2. Deforming Anther Simulations — These simulations introduced modal anther
deformations, modeled after the first and second vibrational modes of a cantilever
beam. The goal was to assess how deformation patterns influence the transfer of

energy from the anther walls to the pollen, thereby affecting expulsion.

By systematically varying excitation frequency, displacement amplitude, and anther
deformation mode, this study aimed to quantify the factors that most significantly influence
pollen expulsion. The results provide new insight into the mechanics governing vibratory
pollen release and establish a foundation for future work exploring artificial pollination

techniques and ecological implications.
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Limitations

While this study provides valuable insights into pollen expulsion dynamics, several lim-
itations must be acknowledged. These limitations stem from necessary model assumptions,
computational constraints, and the simplifications used to isolate specific physical effects.
Addressing these challenges will be essential for refining future models and improving our

understanding of vibratory pollen expulsion.

Simplified Representation of Pollen Grain Interactions

The discrete element method model used in this study assumes simplified pollen grain
interactions, primarily focusing on elastic collisions without fully incorporating detailed
surface adhesion forces. In reality, pollen grains exhibit complex interactions influenced
by electrostatic forces, van der Waals interactions, and surface roughness. While the Hertz-
Mindlin contact model accounts for elastic deformations and damping effects, it does not

fully capture these adhesion forces, which may play a role in real anther environments.

Idealized Vibration Conditions

The simulations implemented controlled sinusoidal excitation at discrete frequencies and
amplitudes. However, real pollinators exhibit variations in buzzing frequencies, amplitudes,
and excitation profiles. The assumption of periodic excitation simplifies the analysis but does
not fully capture the variability observed in natural buzz pollination events. Additionally,
real anthers may not behave as perfectly rigid or flexible structures, potentially affecting

pollen expulsion dynamics.

Assumptions in Translating Anther Simulations

The translating anther simulations assumed a rigid, non-deforming structure undergoing

uniform motion. While this approach effectively isolated granular dynamics, it did not
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account, for how real anthers flex and deform under vibrational loading. In reality, anther

deformation could create additional force fluctuations that influence pollen expulsion trends.

Challenges in Deforming Anther Simulations

The deforming anther simulations were computationally expensive, limiting the number
of parameter sets explored in this study. While the first and second mode shapes were
investigated, other deformation modes could also contribute significantly to pollen ejection.
Additionally, the prescribed modal vibrations assume idealized boundary conditions, whereas
real anthers may exhibit complex anchoring points and damping properties that alter

vibration behavior.

Material Property Assumptions

The material properties of both pollen grains and anther walls were estimated based
on previous studies, but the true mechanical behavior of these biological materials remains
uncertain. Hydration levels, surface composition, and microscopic deformations could all

influence pollen expulsion, yet these effects were not explicitly modeled.

Computational Constraints

Despite the advantages of DEM for modeling granular interactions, computational
constraints limited the number of pollen grains simulated and the duration of simulations.
The reduced number of simulated pollen grains compared to real anthers may affect bulk
behavior trends. Additionally, while simulations captured major expulsion trends, extending
the simulation time could provide further insights into long-term pollen transport dynamics.
An initial study of the translating model between 10,000 and 100,000 particles showed only
a minor change in P, this should be repeated across different simulation setups to ensure

proper convergence is maintained.
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The Role of Restitution in Pollen Expulsion

The simulations investigated how different restitution coefficients affect expulsion rates,
showing that lower restitution values proportionally reduced the rate of expulsion. While this
provides insight into the role of particle elasticity in pollen expulsion, real anthers introduce
additional complexities such as hydration-dependent stiffness and surface adhesion effects.
The precise impact of material damping on pollen expulsion in natural systems remains an

open question.

Experimental Validation Challenges

While DEM provides a robust framework for studying pollen expulsion mechanics,
experimental validation is necessary to confirm key findings. Many aspects of pollen motion
remain difficult to observe directly due to the opacity of anthers and the high-speed nature

of buzz pollination.

Future Work

Addressing these limitations presents several directions for future research. Incorpo-
rating additional physical effects, refining model assumptions, and integrating experimental
validation techniques will be crucial to improving our understanding of pollen expulsion

mechanics.

Incorporating Adhesion and Triboelectric Effects

Future DEM simulations should incorporate adhesion and triboelectric charging to
provide a more realistic representation of pollen interactions. Investigating how pollen charge
distributions and adhesion properties influence expulsion efficiency could yield insights into

real anther environments.
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Using Experimentally Recorded Buzzing Profiles

Future research should incorporate experimentally recorded pollination buzzes as input
waveforms for simulations instead of relying solely on sinusoidal excitations. This would
provide a more accurate representation of how pollinator-induced variability influences pollen

expulsion.

Modeling Flexible Anthers

Incorporating flexible anther models in future simulations could help assess the role of
structural deformation in pollen release. A coupled structural-pollen interaction model could
provide a more accurate representation of how energy is transferred between anther walls

and pollen grains.

Expanding Deforming Anther Simulations

Expanding the parameter space for deforming anther simulations and incorporating
experimentally derived anther deformation profiles would provide a more comprehensive
understanding of how structural vibrations influence pollen expulsion. Analyzing additional
mode shapes and their corresponding force distributions could refine the role of deformation

in pollen expulsion efficiency.

Improving Pollen Material Property Data

Experimental validation of pollen mechanical properties is necessary to refine simulation
inputs. Techniques such as atomic force microscopy (AFM) could provide direct measure-

ments of pollen stiffness, adhesion forces, and deformation characteristics.

Enhancing Computational Performance

Future studies could explore high-performance computing (HPC) approaches to en-

able larger-scale simulations that better approximate real anther-pollen systems. GPU-
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accelerated DEM solvers or parallelized computing techniques could significantly improve

the resolution and realism of pollen expulsion modeling.

Integrating Experimental Validation Through PIV

A promising avenue for validation is the use of Particle Image Velocimetry (PIV),
which is currently being explored at Montana State University. PIV can track expelled
pollen motion under controlled vibratory excitation, allowing for a comparison between
simulated and experimental pollen dispersal patterns. While PIV does not directly inform
DEM model inputs, it provides a benchmark for validating pollen expulsion trajectories,
velocity distributions, and clustering behavior.

Future comparisons between PIV-derived pollen ejection data and DEM simulations
could reveal discrepancies in dispersal trends and provide insight into model refinements. If
differences arise, adjustments to particle-particle interaction models, restitution coefficients,
or adhesion effects could be explored to improve simulation accuracy. Additionally, PIV
can provide quantitative measurements of pollen cloud dispersion, offering insight into the

post-expulsion transport of pollen grains.

Developing Integrated Pollination Models

Future studies should aim to integrate pollen expulsion models with broader ecological
and reproductive success metrics. Understanding how mechanical pollen expulsion translates
to successful pollination would provide a more comprehensive picture of the role of buzz

pollination in plant reproduction.

Summary of Future Directions

Addressing these challenges will require a combination of computational advancements
and experimental validation. Future work should focus on incorporating additional

physical effects, refining model assumptions, and integrating real-world data into numerical
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simulations. By bridging the gap between computational modeling and experimental
observations, future research can provide deeper insights into the biomechanical principles

underlying buzz pollination.

Final Remarks and Broader Implications

This study provides a novel computational approach to understanding pollen expulsion
in buzz-pollinated anthers, offering key insights into how vibration parameters, granular
interactions, and anther deformation influence pollen release. By identifying the role of
jerk as a governing parameter in translating anther simulations and demonstrating the
significance of inter-particle interactions, this work advances the biomechanical framework
for vibratory pollen ejection.

Deforming anther simulations extended this framework by demonstrating how spatially
complex deformation patterns further influence pollen expulsion dynamics. These simula-
tions demonstrated that modal deformation not only affects interaction mechanisms and
temporal dynamics but also introduces complexities that challenge the direct application of
parameters, such as jerk. The spatial variability inherent in deforming anthers underscores
the need for developing new parameters or frameworks capable of capturing both temporal
and spatial deformation effects in pollen expulsion models.

Beyond its fundamental contributions, this research has practical implications for
artificial pollination technologies, where optimizing vibration profiles could enhance pollen
extraction efficiency in agricultural settings. The findings also highlight the need for
experimental validation to refine model predictions and better understand how real anthers
respond to vibratory excitation.

Moving forward, integrating high-resolution experimental techniques with computa-
tional modeling will be essential for bridging the gap between simulation-based insights

and real-world pollination mechanics. By continuing to refine our understanding of
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pollen expulsion dynamics, particularly through incorporating spatial complexity into
predictive models, future research can contribute to both conservation efforts and agricultural

innovation, ensuring the continued success of pollination-dependent ecosystems.
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