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Abstract

Red mangroves, Rhizophora mangle, in coastal areas have proven to be resilient for many decades. Mangroves accumulate mud,

peat and plant matter through aerial roots (Pneumatophores) consist of rigid and flexible roots oscillating in the water. The

oscillation of the flexible root not only decreases erosion but also provide a source of renewable energy. These oscillations can

essentially be harvested as electrical power from tidal currents of the shallow coastal water in the form of pollution free energy by

converting the kinetic energy of the moving fluid into voltage. We present an elastically mounted rigid patch of circular cylinders

as simplified flexible mangrove roots to understand the role of flexibility on the vortex-induced vibration phenomena for energy

harvesting. We performed kinematics and PIV measurements inside a water channel for the cylinders limited to a transverse

oscillation inside a water tunnel at constant velocities . We investigate the effect of Reynolds number, mass ratio, damping

ratio, and natural frequency of the system on the range of the achievable voltage. Higher flexibility resulted in increasing the

frequency of oscillations with a reduction in the reduced velocity. This bio-inspired design has potentials for future electricity

generations, as tidal currents are more predictable than wind energy and solar power as well as environmentally friendly due

to minimal alterations to ecosystems and marine life.
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• Red mangroves, Rhizophora mangle, in coastal areas comprised

of rigid and flexible roots (Pneumatophores) oscillating in the

water. The oscillations of the flexible root provide a new source

of renewable energy. These oscillations can essentially be

harvested as electrical power from tidal currents of the shallow

coastal water in the form of pollution-free energy by converting

the kinetic energy of the moving fluid into voltage.

Understanding and quantifying an optimal regime in vortex

induced vibrations (VIV) and energy harvesting is a major

challenge and objective of this research. We present an

elastically mounted rigid circular cylinder as simplified flexible

mangrove roots attached to a coil and magnet to understand

the role of flexibility on the vortex-induced vibration

phenomena for energy harvesting. In a series of experiments,

we performed kinematics measurements inside a water

channel for the cylinders limited to a transverse oscillation (one

degree of freedom) at constant velocities (200 ≤ 𝑅𝑒𝑑 ≤1400) .

We tested three different flexibilities, and found that the

optimal range for the middle flexibilities is 4 < 𝑈𝑟 < 6.

• Mangroves are salt-tolerant species of trees that can live along

the intertidal coastal zones in tropical and sub-tropical regions

[1,2].

• Some unique flexible mangrove roots and branches can

oscillate in the water. The oscillations provide great opportunity

to harvest energy from the flow in riverine currents.

• We designed a energy harvesting device including a magnet

and a coil attached to a rigid circular cylinder which was

elastically mounted to a flexible steel plate.

• Questions:
• How do the root flexibilities and water flow velocity affect

the energy harvesting from the oscillations?

• How does the wake respond to a motion of the root that

causes the wake?

• What it the optimum range of efficiency and amplitude for

this osculation?

Fig 1. Simplified mangrove root model (d=6.35 mm) oscillating in the water

current with single cylinder attached to a flexible steel plate (b) Energy

harvesting device assembly that was tested with three different

flexibilities (c) coil and magnet used to convert kinetic energy into

electrical power from the VIV of the cylinder.
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• We introduced a new energy harvesting device consist of a

rigid cylinder attached to a flexible plate with a coil and

magnet. We investigated the effect of root flexibilities and

reduced velocity on the range of the achievable amplitude,

power, and efficiency. We found that higher flexibility

resulted in increasing the frequency of oscillations with a

reduction in the reduced velocity. We obtained the optimal

range of the working system which the region of both high

oscillation amplitude efficiency. This bio-inspired design

has potentials for future electricity generations from tidal

currents. The proposed work can be used in arrays of

cylinders to work as a collaborative system and possibly

increase the system efficiency.
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𝑈∞

λ

𝑇𝐹𝑙𝑢𝑖𝑑 =
𝐷

𝑈∞
𝑈𝑟 =

𝑇𝑆𝑜𝑙𝑖𝑑
𝑇𝐹𝑙𝑢𝑖𝑑

𝑇𝑉𝑜𝑟𝑡𝑒𝑥 =
λ

𝑈∞

Strouhal law: 𝑇𝑉𝑜𝑟𝑡𝑒𝑥 =
𝑇𝐹𝑙𝑢𝑖𝑑

𝑆𝑡

 When 𝑆𝑡 × 𝑈𝑟 = 1 , shedding of the vortices and motion of the 
solid happen at the same time-scale and resonance (locked-in) 
occurs. 

 In the locked-in region the mass-spring system doesn’t follow 
the Strouhal law and the oscillation frequency is fixed with 
vortex shedding frequency.

𝑇𝑆𝑜𝑙𝑖𝑑
𝑇𝑉𝑜𝑟𝑡𝑒𝑥

= 𝑆𝑡 × 𝑈𝑟

𝐾

Fig 2. Time-scales for VIV; 𝑻𝑭𝒍𝒖𝒊𝒅 corresponds to the time for convection of a 
particle across the length D, 𝑻𝒗𝒐𝒓𝒕𝒆𝒙 is period of vortex shedding, 𝑻𝐬𝐨𝐥𝐢𝐝 is the 
period of cylinder oscillations and 𝑈𝑟 (reduced velocity) is used to compare  
the dynamics of fluid and of the solid. 
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𝑭 𝒕 : Forcing by the wake

Fig 3. Schematic of free-body diagram of a single root model in VIV  in a half cycle 
oscillation.  The oscillation motions were captured with a high speed camera at 

256 frame per second at different flow speed from  0.02 
𝒎

𝒔
to 0.18 

𝒎

𝒔
. We performed 

image processing to analyze the kinematics of oscillations. References

Fig 4. Comparison of normalize amplitude of oscillations versus
reduced velocity with different flexibility. It is observed that lower
flexibility has the largest region of locked-in (Synchronization).

Locked in region

 For the low flex, oscillations start at higher kinetic energy of
the flow (higher velocities), however, the oscillation

amplitude reaches greater values compare to the high flex.
 It is observed that for higher flexibilities, the oscillation

decays with increasing reduced velocity (Reynolds number ),
however, for the low flex, the region of synchronization
increases and remains almost plateaued.

 The oscillation amplitudes for the present study is
considerably higher than the canonical case of cylinder
oscillation in previous works, indicating a higher possibility
of harvesting energy from the flow.

Fig 5.  (a) Electric power increases with reducing  the flexibilities. 

(b) overall efficiency (𝜼 =
𝒆𝒍𝒆𝒄𝒕𝒓𝒊𝒄𝒂𝒍 𝒑𝒐𝒘𝒆𝒓

𝒇𝒍𝒖𝒊𝒅 𝒑𝒐𝒘𝒆𝒓
), where 𝐟𝐥𝐮𝐢𝐝 𝐩𝐨𝐰𝐞𝐫 =

1

2
𝜌𝑈3 𝑑ℎ .

(a)

(b)

Fig 6. Working range
of the system for
the middle flexibility.
Three distinctive
working region can
be observed. The
optimal range is
𝐚𝐛𝐨𝐮𝐭 4 < 𝑈𝑟 < 6.

 (1) Strong coupling: vibrations are damped out which
reduced the harvested energy and efficiency.

 (2) Limited harvesting: The vibration amplitude is large,
however the harvesting efficiency is very limited. Basically,
the solid does not see we are taking energy out from it and
the cylinder dynamics are marginally impacted.

 (3) Optimal range: The optimum regime the vibrations are
modified due to energy extraction but not completely
mitigated

Optimal

Range

(1)

(2)

(3)

Limited

harvesting

Strong 

coupling

Magnet

• It is observed that for the low flex, the electrical power is
considerably high at 𝑈𝑟 = 9 , eventhough the efficiency is
quite low.

• Static equilibrium of the system

𝑀𝑠 −𝑀𝑘 −𝑀𝑒 + 𝑭𝒃 sin 𝜃 𝑟𝐵 − 𝑭𝒘 sin 𝜃 𝑟𝐺 − 𝑘𝜃 − 𝐼 ሷ𝜃 = 0

𝜔 = 2𝜋𝑓𝑛 =
𝐾

𝐼
𝐼 = 𝐼𝑎 + 𝐼𝑏 𝐾 = 𝐾𝑓𝑙𝑒𝑥𝑖𝑏𝑙𝑒 𝑝𝑙𝑎𝑡𝑒

I𝑎: Added inertia due to cylinder oscillations in water

Ib: Inertia of a hanging root

• Dynamic response of the system

𝐼 ሷ𝜃 + 𝑘𝜃 =
1

2
𝜌𝑈𝑟

2𝑙𝐶𝐿 sin
2𝜋𝑡

𝑇𝑣𝑜𝑟𝑡𝑒𝑥

𝜽 𝒕 :Dynamics of the cylinder


