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Flow-induced vibration, This research explores the potential of biomimetic geometries derived from natural leaf shapes to
Energy harvesting, study flow-induced vibrations (FIV) and energy harvesting through experiments in a wind tunnel.
Bio-inspired, Five real tree leaves (grape, fig, silver maple, hawthorn, and Norway maple) were selected, their
Leaf-like geometry, 2D profiles extracted, and converted into physical test models. Each model was mounted on a
Piezoelectric, flexible beam inside a wind tunnel and equipped with piezoelectric strips to measure electrical
Wind tunnel. signals generated from oscillations. Simultaneously, a high-speed camera tracked the transverse

displacement of each model throughout the test. Among all cases, the fig leaf geometry exhibited
the highest vibration amplitude and frequency stability, resulting in the maximum harvested
power. The grape leaf followed in performance, combining strong vibration responses with
reasonable energy output. Although the silver maple showed limited response at lower wind
speeds, it performed efficiently at higher speeds. In contrast, the hawthorn and Norway maple
models produced smaller vibrations and lower frequencies, resulting in lower harvested power.
These findings clearly demonstrate the crucial role of geometry in optimizing vibration-based
energy harvesting performance.

Extended Abstract

1. Introduction

in the design of structures exposed to wind or water flows [ 1-3]. Uncontrolled vibrations, particularly under
vortex shedding and frequency lock-in, may lead to material fatigue or structural failure [4.5]. However,
such vibrations can also be harnessed as a renewable energy source [6.7]. In recent years, researchers have utilized
piezoelectric materials to convert these mechanical vibrations into electricity, powering small wireless sensors and

devices [8-10].

Biomimetic approaches have gained attention in this context. For instance, Chatterjee et al. [ 12] showed that a
vibrating flapper with bio-inspired gait can effectively harvest energy. Rabiee et al. [13] demonstrated that shark-
fin-shaped bumps enhanced vortex-induced vibrations (VIV) and heat transfer in square cylinders. Kang et al. [ 14]
revealed that fish-scale-inspired biomimetic surfaces significantly increased vibration amplitudes and Nusselt

I \ low-induced vibrations are significant in the fluid—structure interaction (FSI) field and must be considered
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number. Natural structures like trees exhibit remarkable mechanical responses to wind [18.19], and their
geometries have inspired energy harvesters with optimized vortex interaction [20]. Nevertheless, the full leaf shape
has rarely been explored for FIV applications. This study aims to address that gap.

2. Experimental Setup for Leaf-Inspired Cross-Sections

To investigate the dynamic performance and energy output of leaf-inspired cylinders, a dedicated wind tunnel
test system was developed (Figure 1). It included a low-speed horizontal wind tunnel, a flexible cantilever beam
with an attached piezoelectric strip, and synchronized data acquisition systems for both mechanical displacement
and electrical signals. The test section had a 30x30 cm square cross-section and accommodated air speeds from 3
to 15 m/s, regulated via a downstream axial fan and measured using a hot-wire anemometer.

Each vibrating body was attached to a 160 mm long, 8 mm wide, and 0.8 mm thick flexible rectangular beam,
with a 41x16x0.205 mm piezoelectric strip (LDT1-028K) bonded near its base. Voltage output was recorded at a
5 kHz sampling rate using a digital oscilloscope, while transverse displacements were captured using a 240-fps
high-speed camera. The geometries of five natural leaves (grape, fig, silver maple, hawthorn, and Norway maple)
were scanned, CAD-modeled (Figure 2), CNC-fabricated from lightweight foam, and mounted centrally on the
beam. Tests were repeated three times per speed step to ensure accuracy.

Oscilloscope
Figure 1. Overview of the experimental wind tunnel system
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Figure 2. Extracted 2D profiles and CAD geometries of the five leaf types

3. Results and Discussion

Figure 3 presents the normalized transverse displacement amplitudes of three models: grape, fig, and hawthorn,
under wind speeds ranging from ~3.3 to 14.5 m/s. The fig leaf geometry demonstrated the highest vibration
amplitude, increasing from ~0.4 to 1.72, a rise of over 330%. This strong response is attributed to its wide lobes
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and open edges, which facilitate early vortex formation and flow separation. The grape leaf model also performed
well, reaching 1.55 in amplitude. Its growth was smoother and more linear, suggesting reliable vortex excitation
across speeds. In contrast, the hawthorn leaf showed the weakest response, with displacement growing from ~0.36
to 1.28, equivalent to a ~255% increase. Its compact and dense shape likely dampened vortex-induced motion.

Figure 4 shows results for the silver maple and Norway maple models. The silver maple displayed a threshold-
like behavior, with negligible displacement below ~4 m/s, followed by a sharp rise to 1.35. Once activated, its
amplitude increased linearly with speed. The Norway maple, on the other hand, exhibited steady but moderate
growth, rising from ~0.3 to 1.38. Its response was gradual, suggesting a geometry less sensitive to abrupt vortex
interactions but more stable across the range. Overall, the fig model outperformed all others, especially in the low-
to-mid wind speed range, due to its geometry that promotes strong vortex shedding. The grape and silver maple
followed in performance, while the hawthorn and Norway maple showed reduced but stable vibrations.

Y max/D-veolcity for grape model Y max/D-veolcity for fig model
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Figure 3. Transverse displacement vs. wind speed for grape, fig, and hawthorn

Y max/D-veolcity for silver maple model Y max/D-veolcity for norway maple

E 08 f 0.8
06 06
0.4 0.4
0.2 0.2

o

o

N
.
o

2 4 6 8 10 12 14 8 10 12 14
velocity (m/s) velocity (m/s)

Figure 4. Transverse displacement vs. wind speed for silver maple and Norway maple
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Figure 5. 3D plot of electrical power vs. wind speed and leaf geometry

Figure 5 illustrates the harvested electrical power (in pW) versus wind speed and leaf model. The fig leaf
generated the highest power output, reaching 870 pW at 14.5 m/s, confirming its superior dynamic response and
consistent strain on the piezoelectric strip. The grape leaf followed with a peak of ~700 uW, showing steady power
growth and good reliability. The silver maple achieved ~660 uW, with lower output at low speeds but a significant
rise after 6 m/s, consistent with its delayed activation in displacement. These three models offered strong
performance in terms of both amplitude and energy output.

The hawthorn model produced ~580 uW, performing slightly below the silver maple, possibly due to less
efficient strain transmission. Its response was consistent, which may suit applications needing stable, low-power
output. The Norway maple had the lowest energy output, peaking at just ~200 pW. This aligns with its limited
vibration amplitude and gradual response, indicating that its geometry is less effective in harvesting energy from
wind-induced motion. In summary, the fig leaf model was the most efficient in converting flow-induced vibrations
into electrical power, benefiting from its dynamic and responsive structure. The grape and silver maple also
showed strong performance with distinct behaviors. While hawthorn and Norway maple generated lower outputs,
their stable and predictable responses could be useful in specific low-power contexts.

4. Conclusion

This experimental study demonstrated that leaf-inspired geometries significantly affect the vibration and
energy harvesting characteristics of bluff bodies in wind-induced flows. Among the five leaf types analyzed, the
fig leaf model achieved the highest transverse vibration amplitude and energy output, showing both a strong and
stable dynamic response. The grape leaf also exhibited promising performance. Silver maple showed delayed but
effective behavior at higher speeds, while hawthorn and Norway maple had limited displacement and power
output, albeit with more stable frequency behavior.

The results highlight that selecting an appropriate biomimetic geometry (such as those inspired by natural
leaves) can greatly enhance the performance of vibration-based energy harvesting systems. This work opens up
new opportunities for using full leaf shapes, rather than partial bio-inspirations, in designing flow-interactive
structures.
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