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Abstract

3D printing (3D Printing) is a technology that constructs objects through layer-
by-layer deposition based on digital models, using adhesive materials such as
powdered metals or plastics. Owing to its flexibility and precision, this tech-
nology has already played a significant role in manufacturing sectors such as
defense and aerospace. Given its unique advantages, this technology also holds
considerable promise in plant reproductive ecology research, although it is cur-
rently in the exploratory stage. This article provides an overview of 3D printing
technology and research on the evolution of floral traits in plant reproductive
ecology, summarizes the latest advances of 3D printing in this field, and dis-
cusses potential future directions.
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Abstract

Three-dimensional (3D) printing is a manufacturing technology that constructs
objects layer by layer using powdery metal, plastic, or other adhesive materi-
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als based on digital models. Due to its flexibility and precision, 3D printing
has played a significant role in manufacturing industries such as military and
aerospace. Given these unique advantages, 3D printing also holds great promise
for research in plant reproductive ecology, though applications remain in the ex-
ploratory stage. This paper provides an overview of 3D printing technology
and research on floral trait evolution in plant reproductive ecology, summarizes
recent advances in applying 3D printing to this field, and discusses potential
future directions.

Keywords: three-dimensional printing technology, plant reproductive ecology,
floral trait evolution, visual signals, olfactory signals

1. Overview of 3D Printing Technology

3D printing, also known as additive manufacturing (AM), represents a type
of rapid prototyping manufacturing (RPM) technology. In 2009, the Amer-
ican Society for Testing and Materials (ASTM) established the 3D Printing
Technology Committee (F42 Committee) and formally defined 3D printing as a
technology that, in contrast to traditional material processing methods, builds
three-dimensional physical models directly from 3D CAD data by adding mate-
rial layer by layer (Peltola et al, 2008; Rengier et al, 2010; Gebler et al, 2014).
This manufacturing innovation has led many to consider 3D printing a crucial
production tool for the “third industrial revolution.”

As 3D printing technology has matured, its applications have expanded from
traditional mold manufacturing to design, architecture, medicine, and plant
reproductive ecology (Campos et al, 2015; Policha et al, 2016). Current ap-
plications in plant reproductive ecology remain in the initial stages, primarily
focusing on floral trait evolution. 3D-printed flowers offer two key advantages:
they eliminate confounding environmental factors that are difficult to control
in natural settings, and they allow researchers to select materials based on ex-
perimental objectives while achieving high fidelity to meet personalized research
designs. This paper focuses on recent advances and future trends in applying
3D printing to plant reproductive ecology, aiming to provide a new perspective
for the field.

The origins of 3D printing technology can be traced back to the early 1980s
(Kruth, 1991; Huang et al, 2013). In 1984, Charles Hull developed stereolithog-
raphy based on digital data for 3D object printing, and invented the world’ s
first commercial 3D printer in 1986. However, the commercialization and marke-
tization of 3D printing progressed relatively slowly. Entering the 21st century,
rapid technological advances have spurred dramatic developments in 3D print-
ing technology, cost, and applications. In terms of printing precision, current
mainstream printers can achieve resolutions of 600 dpi at layer thicknesses of
0.01 mm, with advanced products reaching vertical printing speeds exceeding
one inch per hour and enabling 24-bit color printing. The range of printable
materials is extensive, encompassing common substances like stone and metal,
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as well as polymer materials and food ingredients. Approximately 14 categories
of materials are currently available, allowing for over one hundred combinations.
Regarding cost, 3D printer prices have dropped substantially, with Printbot’
s entry-level Printrbot Play priced at only $399, while MakerBot’ s high-end
Replicator 2X sells for $2,499. To address the limitation of most 3D printers
producing only monochrome models, Japanese company Mimaki’ s full-color 3D
printer 3DUJ-553 UV LED can generate ten million colors, though its price
may exceed $200,000. In application domains, 3D printing was initially used
for model production in mechanical and architectural industries, but has since
advanced to manufacturing components for automobiles and aircraft, as well as
tissue structures like blood vessels and muscles (Chia & Wu, 2015).

In recent years, scientists have used software to design printing targets and
controlled physical conditions such as extrusion, laser, or high temperature to
print structures for scientific research using materials with different properties.
Botanists have attempted to apply this technology to study floral trait evolution
in plant reproductive ecology by printing various floral structures to replace
natural plant parts in experiments (Campos et al, 2015; Policha et al, 2016).

2. Floral Trait Evolution in Plant Reproductive Ecology

Floral trait evolution represents one of the most distinctive characteristics of
angiosperm evolution. Pollinator-mediated selection is widely recognized as
playing a crucial role in the evolution of floral traits. Darwin famously used
flower structure and function to elaborate upon and support his theory of natural
selection. To this day, research on floral trait evolution remains a prominent
field in evolutionary biology (Armbruster, 2001; Martin, 2004; Sun et al, 2014;
Kuriya et al, 2015). This section elaborates on floral trait evolution from three
perspectives: visual signals, olfactory signals, and rewards.

2.1 Visual Signals

Visual signals serve as important features for attracting insects and can be
divided into two main aspects: individual flower construction (such as symmetry
and color) and inflorescence architecture (such as floral arrangement patterns).

Floral symmetry represents a key characteristic of angiosperm flower construc-
tion, primarily categorized as radial or bilateral symmetry. Fossil evidence indi-
cates that approximately fifty million years after the emergence of angiosperms,
flowers began evolving from primitive radial symmetry to bilateral symmetry, co-
inciding with the diversification period of specialized pollinating insects (Crane
et al, 1995; Doyle & Endress, 2000; Endress & Doyle, 2009). Research has
shown that compared to radially symmetric flowers, bilaterally symmetric flow-
ers enhance interactions with specialized pollinators, thereby increasing pollen
placement accuracy and ensuring reproductive success (Gong & Huang, 2009).

Floral color constitutes a prominent visual signal for attracting pollinators, in-
dicating locations for feeding and pollination. For example, Sobral et al (2015)
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found color variation among 12 Gentiana lutea populations on the Iberian Penin-
sula, demonstrating that population-level color changes relate to differences in
local pollinator communities and represent adaptations to local environments.
Because pollinators exhibit varying preferences for floral colors, this drives the
evolution of coloration. Floral color variation has been documented in at least
78 plant families (Ruxton & Schaefer, 2006).

Flowers arrange on inflorescences according to specific patterns, forming partic-
ular spatial structures. Pollinator innate preferences may significantly influence
the evolution of inflorescence architecture in angiosperms. To exclude poten-
tial confounding factors under natural conditions and investigate how floral ar-
rangement affects pollinator behavior, Jordan and Harder (2006) used artificial
flowers to simulate racemose, umbellate, and paniculate inflorescences, finding
that bumblebees visited different numbers of flowers across inflorescence types
—fewest on racemose and most on paniculate inflorescences. This differential
visitation profoundly impacts pollen receipt, pollen export, and self-pollination
probability at the whole-plant level. Liao and Harder (2014) similarly used
artificial flowers to simulate the effects of single large versus multiple small
inflorescences on bumblebees, noting that while bees tended to move upward
within individual inflorescences, they showed downward movement between in-
florescences. These findings are crucial for understanding why racemose plants
might adopt multiple small inflorescences versus few large ones to adapt to
different pollinators.

2.2 Olfactory Signals

Floral scent represents another important signal for attracting insect pollinators,
helping them locate floral resources such as nectar and pollen within flower
structures. Different pollinator groups encounter distinct scent compositions.
For example, Lantana camara L. in Verbenaceae, typically butterfly-pollinated,
emits scents dominated by benzaldehyde and phenylethanol (Andersson et al,
2002). Clarkia breweri in Onagraceae, moth-pollinated, produces scents primar-
ily composed of monoterpenes and linalool (Dudareva et al, 1996). Additionally,
some plants mimic mold or neighboring plant odors to attract pollinators with-
out providing rewards. For instance, the orchid Cypripedium fargesii emits a
scent resembling decaying leaves (primarily composed of isoamyl alcohol and
n-hexanol) to deceive flat-footed flies into pollination (Ren et al, 2011). Thus,
plants can produce different chemical compounds based on pollinator olfactory
preferences, volatilizing specific scents to attract pollinators and ensure repro-
ductive success.

2.3 Rewards

Rewards (primarily nectar) constitute indispensable factors for attracting pol-
linators. Nectar mainly contains sugars and amino acids, along with small
amounts of low-concentration phenolics, alkaloids, and other secondary metabo-
lites. Generally, alkaloids are avoided by bees and can reduce pollination ef-
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ficiency, though this depends on dosage and ecological context. Singaravelan
et al found that low concentrations of cocaine and nicotine increased plant at-
tractiveness to pollinators as a means to enhance visitation rates (Singaravelan
et al, 2005; Thomson et al, 2015). Some plants produce nectar containing an-
thocyanins that impart color. Leucosceptrum canum Smith, a self-compatible
woody plant in Lamiaceae, isolates a purple anthocyanin from its colored nectar.
This species uses nectar color and dynamic changes to attract bird pollinators,
effectively improving pollination efficiency during nectar feeding (Zhang et al,
2012).

3. Application Progress and Review of 3D Printing Tech-
nology in Plant Reproductive Ecology

Traditional pollination ecology research relies primarily on field observation and
experiments, but field experiments are heavily influenced by external environ-
mental factors (such as rain washing pollen from stigmas, strong winds, and
low temperatures affecting pollinator behavior), which greatly impacts research
progress and data accuracy.

Early plant reproductive ecology studies attempted to observe the effects of
flower size and symmetry on pollinators by removing or excising petals from
natural flowers (Totland, 2004; Potts, 2015). However, petal removal or excision
presents two problems: first, damaged plants may release certain chemical sub-
stances or exhibit subtle visual changes that affect pollinator selection; second,
artificial cutting creates edges that differ from natural petal margins, potentially
influencing pollinator judgment. Moreover, because pollinator selection in na-
ture is controlled by numerous factors, isolating the effect of a single floral trait
is challenging. Artificial flowers can therefore investigate traits related to polli-
nator foraging behavior, including symmetry, size, color, and scent. 3D-printed
flowers offer controllable shapes and high fidelity, enabling free combination of
different floral displays and structures. Combined with artificial control of color
and scent, they satisfy research needs for floral evolution and provide superior
controllability compared to previously used paper or resin glass artificial flowers.

3D-printed flowers allow experimental control of both visual and olfactory sig-
nals. For visual signals, 3D printing can employ colored raw materials, avoiding
pigment odors that might interfere with pollinators and facilitating single-signal
regulation. This approach also enables investigation of how different petal pat-
terns (such as spots and stripes) affect pollinators. Research indicates that
conspicuous spots can create contrast with backgrounds within certain ranges,
thereby guiding pollinators toward reproductive organs (Johnson & Dafni, 1998;
van Kleunen et al, 2007; de Jager et al, 2017).

For olfactory signals, odorless raw materials can be used to print flower struc-
tures. Gas chromatography-mass spectrometry (GC-MS) can analyze natural
floral scent composition, then different scent components or combinations can
be added to 3D-printed flowers. Pollinator responses and visitation preferences
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can ultimately identify key scent components that attract pollinators. Apply-
ing 3D printing to plant reproductive ecology offers two primary benefits: first,
it enables more accurate indoor simulation experiments to explore pollinator
preferences for different floral traits (color, scent, shape, etc.). For example,
Campos et al (2015) used 3D printing to control corolla curvature (trumpet-
shaped versus flat-disk) and nectary aperture size, creating artificial flowers
with different shapes to test foraging preferences. They found that hawkmoths
(Manduca sexta) preferred flowers with greater corolla curvature, while nectary
aperture size showed no significant effect on foraging behavior, demonstrating
that corolla curvature is an important factor affecting hawkmoth foraging. This
study provides an excellent precedent for investigating pollinator-floral trait re-
lationships using 3D-printed flowers. Second, 3D printing can complement field
experiments for analyzing complex floral signals. For instance, in studying or-
chid mimicry, Policha et al (2016) used odorless medical-grade silicone to print
realistic floral structures—including sepals and mushroom-shaped labella—of the
orchid Dracula lafleurii. They designed four flower types by combining real and
printed organs: real flowers, flowers with real labella and printed sepals, flowers
with real sepals and printed labella, and completely printed flowers. Results
revealed that Dracula lafleurii attracts pollinators through combined visual and
olfactory mimicry of mushrooms: visually, the labellum and showy sepals play
primary roles, while olfactorily, the labellum emits mushroom-like scents. Ap-
plying 3D printing to field experiments not only reduces external interference
but also provides new approaches for future field studies.

In practice, 3D-printed flowers can be used with commercial honeybees and
bumblebees to detect pollinator visitation preferences for floral traits (structure,
color, scent, display) under strictly controlled conditions. This can precisely
reveal whether visitation differences stem from innate preferences or learned
behavior, enabling species-level analysis of selection pressures on floral traits.
At the community level, the controllability and convenience of 3D printing al-
low simulation of natural community composition and manipulation of patch
size, composition, and inter-patch distances according to experimental objec-
tives (Yang et al, 2011). This facilitates investigation of plant-pollinator and
plant-plant interactions, studying pollinator selection on floral traits at the com-
munity level and providing more robust evidence for floral trait evolution. Since
3D-printed flowers cannot directly measure plant fitness, mathematical model-
ing can be employed to simulate pollen fate. For example, Jordan and Harder
(2006) constructed the mathematical model Di = PR (1- )"(i-1) to study how
bumblebee visitation behavior on different artificial inflorescence structures af-
fects pollen export. In this model, D represents the amount of pollen deposited
on the ith flower visited after a pollinator visits one flower, P is the pollen quan-
tity in the donor flower, R is the proportion of pollen removed during visitation,
and is the proportion of pollen deposited on stigmas during visitation. Such
methods are applicable not only for revealing relationships between inflorescence
structure and pollinator behavior but also for investigating pollen export and
deposition among coexisting plants within communities. From the male fitness
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perspective, this can address community assembly, interspecific relationships,
and floral trait evolution, greatly advancing plant reproductive ecology from
field observation to indoor validation.

Applications of 3D printing in plant reproductive ecology have only just be-
gun. While prospects are broad, several limitations remain. First, applying 3D
printing to floral scent experiments may prove challenging for plants with overly
complex scent compositions. Second, since raw materials are generally plastic-
based and non-biodegradable, researchers should prioritize recycling and proper
disposal in field environments, or preferably use biodegradable and compostable
materials such as WillowFlex (Behm et al, 2018) to avoid environmental pol-
lution. While international research using 3D printing in plant reproductive
ecology has gradually deepened, domestic studies remain relatively scarce. Inte-
grating 3D printing technology will enable more profound and accurate research
in plant reproductive ecology, making new contributions to the field.
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