
Mechanisms for the Asymmetric Motion of Submerged
Aquatic Vegetation in Waves: A Consistent-Mass Cable
Model
Longhuan Zhu1 , Qing-Ping Zou2 , Kimberly Huguenard1 , and David W. Fredriksson3

1Department of Civil and Environmental Engineering, University of Maine, Orono, ME, USA, 2The Lyell Centre for
Earth and Marine Science and Technology, Institute for Infrastructure and Environment, Heriot-Watt University,
Edinburgh, UK, 3Department of Naval Architecture and Ocean Engineering, U.S. Naval Academy, Annapolis, MD, USA

Abstract Submerged aquatic vegetation (SAV) provides primary products for the food web, as well as
shelter and nursery for many juvenile species. SAV can also attenuate waves, stabilize the seabed, and
improve water quality. These environmental services are influenced by the dynamic motion of SAV. In this
paper, a consistent-mass cable model was developed to investigate flow interaction with a flexible
vegetation blade. Compared with previous vegetation models, the cable model showed improvements
in simulating blade motions in waves with and without currents, especially for “second-normal-mode-like”
blade motion. Wave asymmetry would cause blade motion to be asymmetric. However, asymmetric blade
motion may also occur in symmetric waves. Results indicate that the asymmetric blade motion in
symmetric waves is induced by two major mechanisms: (i) the spatial asymmetry of the encountered wave
orbital velocities (wave motion relative to blade) due to blade displacements and (ii) the asymmetric action
on the blade by vertical wave orbital velocities. Consequently, the blade motion is asymmetric even
underneath symmetric waves unless (i) blade length (l) is much smaller than the wavelength (l∕L ≪ 1), (ii)
blade length is much smaller than the water depth (l∕h ≪ 1) in finite water depth waves, or (iii) water
depth is much smaller than the wavelength (h∕L ≪ 1). Peak asymmetric blade motion occurs as l∕L
increases to a critical value. The peak asymmetry increases with wave height and blade length but
decreases with increasing blade flexural rigidity. Blade motion characteristics play an important role in
wave-vegetation interaction, wave-driven currents, wave-attenuation capacity, breakage of vegetation and
ecosystem services.

Plain Language Summary Submerged aquatic vegetation (SAV) can reduce wave energy,
stabilize the seabed, and improve water quality. These environmental services are influenced by SAV
motion. In this paper, a numerical model was developed to study flow interaction with a flexible blade.
Compared with previous vegetation models, the cable model showed improvements in simulating blade
motions in waves with and without currents. Wave asymmetry would cause blade motion to be asymmetric.
However, asymmetric blade motion may also occur in symmetric waves. Results indicate that the
asymmetric motion in symmetric waves is induced by two major factors: (i) the spatial asymmetry of the
encountered wave velocities (wave motion relative to blade) due to blade displacements and (ii) the
asymmetric action on the blade by vertical wave velocities. Consequently, the blade motion is asymmetric
unless (i) blade length is much smaller than the wavelength, (ii) blade length is much smaller than the
water depth in non-deep-water waves, or (iii) water depth is much smaller than the wavelength. Peak
asymmetric blade motion increases with wave height and blade length but decreases with increasing
blade flexural rigidity. Blade motion characteristics play an important role in wave-vegetation interaction,
wave-driven currents, wave-attenuation capacity, breakage of vegetation and ecosystem services.

1. Introduction
Submerged aquatic vegetation (SAV), including salt marshes, seagrass beds, and kelp forests, provides a
wide range of ecosystem services. SAV can attenuate wave energy, mitigate coastal erosion, reduce storm
damage, and create habitats for fish and shellfish (Arkema et al., 2015; Dalrymple et al., 1984; Guannel
et al., 2015; K. Hu et al., 2018; J. Hu et al., 2019; Z. Hu et al., 2014; Kobayashi et al., 1993; Lowe et al.,
2007; Maza et al., 2015; Mendez & Losada, 2004; Nepf, 2012; Ondiviela et al., 2014; Suzuki et al., 2019). The
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storm attenuation capacity of SAV needs to be quantified to develop effective and resilient coastal protection,
management, and adaptation strategies. While the effectiveness of SAV in coastal protection is dependent
on its coastal coverage, population, size, and density, the dynamics of a single blade in waves is critical to
the understanding of the hydrodynamics and morphodynamics within a vegetation meadow. The dynamic
motion of vegetation changes the flow and produces eddies which, in turn, alter the flow forcing on the
blade and blade motion. The blade motion due to flexibility reduces the relative velocity between flow and
vegetation as well as the frontal area, resulting in a reduced drag that decreases velocity attenuation and
wave attenuation in the vegetation meadow (Abdolahpour et al., 2018; Bouma et al., 2005; Houser et al.,
2015; Mullarney & Henderson, 2010; Paul et al., 2012; Riffe et al., 2011; Rupprecht et al., 2017; Zeller et al.,
2014). Numerical models have been developed to solve a force balance equation for the vegetation motion,
considering gravity, buoyancy, structural damping, bending stiffness as restoring forces, as well as drag and
inertia as driving forces (Ikeda et al., 2001; Leclercq & de Langre, 2018; Luhar & Nepf, 2016; Zeller et al.,
2014; Zhu & Chen, 2015).

Blade motion in waves can be symmetric or asymmetric. Symmetric motion is a horizontal oscillation over
the wave period with near-equal bending angles about the vertical axis. Asymmetric motion is an oscilla-
tion with more bending in the direction of wave propagation. This asymmetric behavior was described as a
“whip-like” response by Rupprecht et al. (2017). Asymmetric blade motion could also induce drag asymme-
try with less drag under the wave crest than the trough. According to (Luhar et al., 2010; 2013), this effect
could enhance the mean flow in the direction of wave propagation. Enhanced mean flow could also rein-
force the asymmetry of the blade motion in a meadow (Luhar et al., 2017). Blade inclination in the direction
of wave propagation in a meadow may also provide “shelter” effects for sediment and further reduce bedload
transport and stabilize the seabed (Rupprecht et al., 2017).

Asymmetric motion of a single blade has been identified in laboratory experiments (e.g., Jacobsen et al.,
2019; Lei & Nepf, 2019b). Döbken (2015) attribute the asymmetric behavior of blade motion to that of orbital
velocities assuming the blade motion exactly follows the wave excursion. This interpretation only holds
when the blade deflection is comparable to wave excursion. Using a numerical model of a single blade, Gijón
Mancheño (2016) concluded that the vertical component of wave orbital velocity is the major contributing
factor for the asymmetric blade motion based on the results that the blade motion is symmetric once the
vertical component of wave orbital velocity is removed. Wave orbital asymmetry caused by wave nonlinear-
ity, bottom slope, bottom friction and the presence of a structure (Elgar et al., 1990; Peng et al., 2009; Zou &
Peng, 2011; Zou et al., 2003) also leads to asymmetric response. For instance, this asymmetric motion was
observed in a set of laboratory experiments by Luhar and Nepf (2016) conducted with horizontal wave veloc-
ities having greater values under the wave crest rather than the trough. Also, with experimental techniques,
Rupprecht et al. (2017) observed a transition from symmetric to asymmetric blade motion with increasing
wave orbital velocities, which indicates that the asymmetric motions of Puccinellia and Elymus only occur
when the wave orbital velocities reached critical values. Since previous work focused on the influence of
wave forcing characteristics that produces asymmetric motion, a need now exists to investigate the role of
blade characteristics, including geometry and flexural rigidity that produces similar behavior.

The objective of this work is to identify the mechanisms for the asymmetric motion of SAV with focus on
blade geometric and material properties. A cable model with consistent-mass properties is developed to
examine the blade motion as a function of blade geometry and wave properties. The cable model is compared
with experimental data and previous vegetation models for the large-amplitude motions of blades in waves
with and without currents. With the cable model, the theory for the symmetric and asymmetric motion of
a flexible blade is developed. The model is then used to investigate the effects of blade length and flexural
rigidity as well as wave height and wave period on the symmetric and asymmetric blade motions. Finally, the
mechanisms for asymmetric blade motion and the conditions in which the asymmetry becomes negligible
as well as the properties and implications of asymmetric blade motion are discussed.

2. Methodology
The wave-induced motion of a flexible blade is often characterized by large deflections which are difficult
to resolve with analytical approaches. Therefore, recent studies of blade dynamics have focused on numeri-
cal techniques such as the finite difference and finite element methods to consider large-deflection-induced
geometric nonlinearity. Using a spring-mass model to consider blade rigidity, Zeller et al. (2014) reduced
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Figure 1. Schematic diagram for the coordinate systems and the free-body diagram. (a) Fixed global Cartesian
reference frame (x, z) with origin at the blade base. A local Lagrangian coordinate system (⃗t, n⃗) along the blade length
(s) associated with the angle of 𝜙 between the tangential direction (⃗t) and the vertical direction (z). (b) The free-body
diagram for one segment of flexible blade ds with effective tension (T), shear (Q), net buoyancy (𝑓NB), drag (𝑓D),
friction (𝑓F ), virtual buoyancy (𝑓VBx , 𝑓VBz), and added mass force (𝑓AM).

the governing equations of blade dynamics to a system of ordinary differential equations (ODEs). In
order to improve the model accuracy, consistent-mass models with partial differential equations (PDEs)
were introduced to model the vegetation motion. The vegetation models developed by Luhar and Nepf
(2016) and the elastic-rod model coupled with RANS-VOF Navier-Stokes solver proposed by Chen and
Zou (2019) perform better for simulating the “first-normal-mode-like” blade motion rather than the
“second-normal-mode-like” blade motion. To capture the “second-normal-mode-like” blade motion prop-
erly in this study, the consistent-mass cable model developed to represent the dynamics of flexible slender
structures including steel cables (Howell, 1992; Tjavaras et al., 1998; Triantafyllou & Howell, 1994), risers
(Chatjigeorgiou, 2008), and mooring lines (Li et al., 2018), is extended to simulate the motions of SAV.

2.1. 2-D Cable Model
To apply the 2-D cable model, an individual blade of SAV was treated as a slender structure fixed at the base
and free at the tip as shown on Figure 1a. A fixed global Cartesian reference frame (x, z) with the origin
at the blade base is defined on Figure 1a, where x and z indicate the horizontal and vertical directions,
respectively. The flow field is described by the horizontal and vertical components, U(x, z, t) and W(x, z, t),
where t denotes time. To derive the governing equations for the blade motion, a local Lagrangian coordinate
system (⃗t, n⃗) along the blade length is used with t⃗ representing the blade-tangential direction and n⃗ as the
blade-normal direction. The velocity components of the blade segment (ds) in the blade-tangential direction
and the blade-normal direction are u and w, respectively. The distance along the length of the blade (l) from
the base is defined as s such that s = l at the tip of the blade. The local bending angle of the blade relative
to the vertical direction (z) is 𝜙, where 𝜙 = 0 denotes a vertical upright posture for defining symmetric or
asymmetric motion. The points in the Lagrangian coordinate system (⃗t, n⃗) can be obtained by rotating the
global Cartesian coordinates (x, z) counterclockwise by (𝜋∕2 − 𝜙).

Blade dynamics are governed by the force and momentum balances given by

𝜌vbd
(
𝜕u
𝜕t

+ w𝜕𝜙
𝜕t

)
= Q𝜕𝜙

𝜕s
+ 𝜕T
𝜕s

+ 𝑓NB cos𝜙 + 𝑓VBx sin𝜙 + 𝑓VBz cos𝜙 − 𝑓F , (1)

𝜌vbd
(
𝜕w
𝜕t

− u𝜕𝜙
𝜕t

)
= 𝜕Q
𝜕s

− T 𝜕𝜙
𝜕s

+ 𝑓NB sin𝜙 − 𝑓VBx cos𝜙 + 𝑓VBz sin𝜙 − 𝑓D − 𝑓AM , (2)

and

Q = EI 𝜕
2𝜙

𝜕s2 , (3)

as well as the compatibility relations for geometrical continuity given by
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𝜕u
𝜕s

+ w𝜕𝜙
𝜕s

− 1
Ebd

𝜕T
𝜕t

= 0, (4)

and

𝜕w
𝜕s

− u𝜕𝜙
𝜕s

+ 𝜕𝜙

𝜕t
= 0. (5)

In equations (1) to (5), 𝜌v is the vegetation density, b is the blade width, d is the blade thickness, E is the
elastic modulus, I = bd3∕12 is the second moment of the cross-section area of the blade, T is the effective
tension in the blade-tangential direction, Q is the shear force in the blade-normal direction, 𝑓NB is the net
buoyancy force per unit blade length (the following forces are per unit length) acting upward, 𝑓VBx and 𝑓VBz
are the horizontal and vertical components of virtual buoyancy (Denny et al., 1997; Gaylord et al., 2003;
Rosman et al., 2013), 𝑓F is the skin friction in the blade-tangential direction, 𝑓D is the drag force, and 𝑓AM
is the added mass force in the blade-normal direction. The effective tension is the sum of the real tension
and the product of the hydrostatic pressure and the cross-section area. The usage of effective tension makes
Archimedes principle applicable to calculate the buoyancy of the segment that is not completely enclosed in
fluid due to the neighboring segment (Howell, 1992; Sparks, 2009; Tjavaras et al., 1998). It should be noted
that the hydrostatic pressure should be removed from the effective tension when calculating the real tension.

The static net buoyancy force 𝑓NB is defined as the difference of the buoyancy and weight, given by

𝑓NB = (𝜌 − 𝜌v)gbd, (6)

where 𝜌 is the fluid density, and g is the gravitational acceleration. The hydrodynamic forces on the
right-hand side of equations (1) and (2) including virtual buoyancy (𝑓VBx, 𝑓VBz), drag force (𝑓D), skin friction
(𝑓F), and added mass force (𝑓AM), which are given by modified Morison equations (Morison et al., 1950),

𝑓VBx = 𝜌bd𝜕U
𝜕t
, (7)

𝑓VBz = 𝜌bd𝜕W
𝜕t
, (8)

𝑓D = 1
2

Cd𝜌b |w + U cos𝜙 − W sin𝜙| (w + U cos𝜙 − W sin𝜙) , (9)

𝑓F = 1
2

C𝑓 𝜌2 (b + d) |u − U sin𝜙 − W cos𝜙| (u − U sin𝜙 − W cos𝜙) , (10)

and

𝑓AM = ma
𝜕

𝜕t
(w + U cos𝜙 − W sin𝜙) , (11)

where Cd is the drag coefficient, C𝑓 is the skin friction coefficient, ma is the added mass. The added mass is
given by ma = Cm𝜋b2∕4 using the cylinder-equivalent blade cross section following Luhar and Nepf (2016)
and Cm is the added mass coefficient.

The boundary conditions for the bottom-rooted blade are set as u = 0, w = 0, and 𝜙 = 0 at the blade base
(s = 0), as well as T = 0, 𝜕𝜙∕𝜕s = 0 and 𝜕2𝜙∕𝜕s2 = 0 at the blade tip (s = l). The governing equations (1) to
(5) are a system of nonlinear partial differential equations solved by discretization using a finite difference
scheme, the Keller Box method (Anderson et al., 2016; Keller, 1971), which is implicit, second order accurate,
single step, unconditionally stable and convergent. The Newton-Raphson iteration method was used to solve
the discretized equations.

2.2. Hydrodynamic Force Coefficients
The drag coefficient and added mass coefficient for blades are considered a function of Keulegan-Carpenter
number (KC). The KC number is defined as KC = UmTw∕b, where Um is the maximum oscillatory flow
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Table 1
Blade Properties and Wave Conditions in the Experiments by Zeller et al. (2014) and Luhar and Nepf (2016)

Experiment Blade property Wave Current
Tw aw Uw Uc

(s) (cm) (cm/s) (cm/s)
Blade in waves LDPE: 5.19 — 25.8 12.1
and currents 𝜌v = 920 kg/m3 4.29 — 17.3 13.2
(Zeller et al., 2014) E = 0.3 GPa 2.80 — 9.45 12.9

b = 1 cm 5.19 — 24.4 6.00
d = 0.2, 0.25, 0.3 mm 4.29 — 15.9 5.63

l = 15, 20 cm 2.80 — 9.64 4.77
Blade in waves 0.4 mm-thick HDPE: 2 1(0.9) 5.0 —
(Luhar & Nepf, 2016) 𝜌v = 950 kg/m3 2 2(1.9) 10.1 —

E = 0.93 GPa 2 3(2.9) 15.4 —
1.9-mm-thick silicon foam: 2 4(3.9) 20.6 —

𝜌v = 670 kg/m3 1.4 2(1.7) 8.9 —
E = 0.5 MPa 1.4 4(3.5) 16.7 —

b = 2 cm 1.1 2(1.7) 6.6 —
l = 5, 10, 15, 20 cm 1.1 4(3.6) 12.8 —

velocity and Tw is the wave period. Based on data sets for rigid plates in oscillatory flows with KC = 1.7 ∼
118.2 (Keulegan & Carpenter, 1958; Sarpkaya & O'Keefe, 1996), Luhar and Nepf (2016) developed formulas
for drag coefficient and added mass coefficient, given by

Cd = max(10KC−1∕3, 1.95) (12)

and

Cm = min(Cm1,Cm2), (13)

respectively, where Cm1 =
{

1 + 0.35KC2∕3 KC < 20
1 + 0.15KC2∕3 KC ≥ 20

and Cm2 = 1 + (KC − 18)2∕49 as described in Luhar

(2012).

The friction coefficient is taken as a function of Reynolds number (Re). The Reynolds number is defined
as Re = Umb∕𝜈, where 𝜈 is the kinematic viscosity of the water. According to Zeller et al. (2014) and
Abdelrhman (2007), the friction coefficient is given by

C𝑓 = 0.074Re−1∕5. (14)

Luhar and Nepf (2016) noted that the exact value of C𝑓 had little effect on their model results because the
ratio of the calculated root-mean-square forces for C𝑓 = 0.1 and C𝑓 = 0.01 was distributed with mean and
standard deviation 1.00 ± 0.01. For simplicity, Zeller et al. (2014) selected an approximated value of 0.02. In
contrast, Luhar and Nepf (2016) used a larger value of C𝑓 = 0.1 because their model was found unstable for
the cases with high Cauchy number if C𝑓 = 0.01. The Cauchy number (Ca) is the ratio of the hydrodynamic
force to the restoring force due to plant stiffness and given by Ca = 𝜌bU2

ml3∕EI. In this study, equation (14)
is used to calculate the friction coefficient.

3. Model-Data Comparison
3.1. Blade Motion in Combined Waves and Currents
The cable model results were first compared with the laboratory experiments by Zeller et al. (2014) for
the blades in combined waves and currents. During the experiments, six wave-current conditions were
produced, where the wave period Tw = 2.80–5.19 s, the amplitude of the horizontal wave velocity Uw =
9.45–25.8 cm/s, and the currents Uc = 3.66–13.7 cm/s (Table 1). The still water depth was 40 cm. The model
blades were made of low-density polyethylene (LDPE) with 𝜌v = 920 kg/m3 and E = 0.3 GPa (Ghisalberti
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Figure 2. Model-data comparison for the normalized deflected blade-tip height (zT∕l) at the maximum horizontal
displacement of the blade tip (xT,max) versus the Cauchy number (Ca). The data are denoted by black circles, the model
results from Zeller et al. (2014) are denoted by blue triangles, and those from the cable model are denoted by red
crosses. The associated root-mean-square-error (RMSE) is shown in the legend.

& Nepf, 2002). Four 1-cm-wide model blades with different lengths and thicknesses were used. Three of the
blades were 15 cm long with thicknesses of 0.20, 0.25, and 0.30 mm. The fourth blade was 20 cm long with
a thickness of 0.25 mm. Therefore, Ca = 101–2,883, KC = 40–197, and Re = 1, 441–3,790. Details of the
experiments can be found in Zeller et al. (2014).

To drive the model, the wave-current flow is considered as a superposition of currents and linear waves.
The hydrodynamic force coefficients for waves as described in section 2.2 are assumed to be also applica-
ble for combined waves and currents conditions following Lei and Nepf (2019a). The calculated deflected
blade-tip heights (zT) at the maximum horizontal displacements (xT,max) are shown on Figure 2 along with
the data and the model results from Zeller et al. (2014). The root-mean-square-error (RMSE) for the cable
model results is RMSE = 0.043 and smaller than that of the model results from Zeller et al. (2014) with
RMSE = 0.103. The improvement of RMSE is possible because the present cable model is a consistent-mass
model while the Zeller et al. (2014) model is a spring-mass model. Additionally, the compatibility relations
described in equations (4) and (5) are not included in Zeller et al. (2014). Therefore, the Zeller et al. (2014)
model has difficulty to converge for some test cases with large Ca ≫ 103 (e.g., the missed points on Figure 2),
where the blade is so flexible that can curl over. In comparison, the cable model is stable and convergent for
all the test cases.

Figure 3. Measured horizontal component of the wave orbital velocity at z = 0 for the wave with period Tw = 2 s and
amplitude aw = 4 cm (Luhar & Nepf, 2016). The measured horizontal component of the wave orbital velocity is
denoted by the dotted black line, and the first four harmonics fit is denoted by solid green line.
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Figure 4. Comparisons for (a, b) the normalized horizontal displacement range of the blade-tip (xT,max − xT, min)∕2l
and (c, d) the root-mean-square of the total horizontal force (Fx,rms) normalized by the total horizontal force
(Fx,rms, rigid) for a rigid blade with the same geometry for (a, c) HPDE and (b, d) silicon foam blades, respectively. The
model results from Luhar and Nepf (2016) are denoted by blue triangles with root-mean-square-error (RMSE) in blue
text while the cable model results are denoted by red crosses with RMSE in red text.

3.2. Blade Motion in Waves
The cable model results were also compared with the data from the laboratory experiments by Luhar and
Nepf (2016) for waves only. Eight wave conditions were produced with wave period Tw = 1.1–2.0 s and wave
amplitude aw = 1–4 cm (Table 1). The still water depth (h) was 30 cm. The model blades were made of
high-density polyethylene (HDPE, 𝜌v = 950 kg/m3 and E = 0.93 GPa) and silicon foam (𝜌v = 670 kg/m3

and E = 0.5 MPa). The blades were 2 cm wide with lengths of 5, 10, 15, and 20 cm. The thicknesses were
0.4 and 1.9 mm for the HDPE and silicon foam blades, respectively. Therefore, Ca = 0.02–1,200, KC =
3.7–20.6, and Re = 1, 000–4,120. Details of the experiments can be found in Luhar and Nepf (2016).

The velocity profile was measured using particle image velocimetry (PIV, details referred to Luhar & Nepf,
2016) that captures the instantaneous flow velocity resulting from the superposition of the incident and
reflected waves, where the wave reflection ratio of the wave flume is 7% (Lei & Nepf, 2019b). The first four
harmonics fit of the measured flow velocity (r2 = 0.99, Figure 3) at one horizontal position was used as an
approximation for the input flow field in Luhar and Nepf (2016). This approximation only represents the
temporal variation of the velocity profile at that horizontal position. Due to the effects of wave reflection on
the velocity amplitude, this approximation for the flow profile at other horizontal position may have a small
r2 = 0.91 for the wave reflection of 7%. To represent the spatial variation of the wave flow field, the wave
number (k) is used and obtained by solving the dispersion relation, 𝜔2 = gk tanh kh (Dean & Dalrymple,
1991), where the wave radian frequency 𝜔 = 2𝜋∕Tw. By incorporating the effects of the spatial variance into
the wave phase, the modified approximation for the input flow field reduces the effects of wave reflection
on the flow field and enhances r2 to be greater than 0.98 at all the horizontal positions in the range of the
blade motion. In addition, the wave reflection-induced change of the velocity amplitude at all the horizontal
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Figure 5. Blade postures and blade tip trajectory for the 20-cm-long (a) HDPE and (b) silicon foam blades over one
wave period for the waves with period Tw = 2 s and amplitude aw = 4 cm. The data are denoted by black open circles,
the model results from Luhar and Nepf (2016) are denoted by magenta dotted lines, and those from the cable model are
denoted by green lines (thick green lines indicate the trajectory of the blade tip while the thin green lines indicate the
postures of the blade at selected time steps).

positions has limited effects (<2.5%) on the drag coefficient. Therefore, the modified approximation for the
input flow field by incorporating spatial variance is adequately precise to drive the cable model.

The comparisons between the cable model results and the data, as well as the model results from Luhar and
Nepf (2016) are shown on Figure 4 for the horizontal displacement range of the blade-tip (xT,max − xT,min)
and the root-mean-square of the total horizontal force (Fx,rms) at the blade base. To normalize Fx,rms, the
root-mean-square of the total horizontal force on a rigid blade with the same geometry is used and given by

Fx,rms, rigid =

√√√√√ 1
Tw ∫

Tw

0

[
∫

l

0

(1
2

Cd𝜌b|U|U + 𝜌ma
𝜕U
𝜕t

+ 𝜌bd𝜕U
𝜕t

)
dz

]2

dt. (15)

For the HDPE blades, the RMSE of the cable model results is 0.050 for the blade-tip range and 0.184 for the
total horizontal force, which are a little larger than those of the model results from Luhar and Nepf (2016)
with RMSE = 0.048 for the blade-tip range and RMSE = 0.174 for the total horizontal force. However, the
cable model shows improvements in simulating the motion of the silicon foam blade with RMSE = 0.126
for the blade-tip range and RMSE = 0.043 for the total horizontal force, which are smaller than those by the
model of Luhar and Nepf (2016) with RMSE = 0.151 for the blade-tip range and RMSE = 0.049 for the total
horizontal force.

To further evaluate the performance of the numerical models, the model results for the blade tip trajectory
are shown on Figure 5 (see Movie S1 for the comparison at each time step in the supporting information)
and the blade postures associated with the total horizontal force (Fx) are shown on Figures 6 and 7. We note
that the blade motion shown on Figure 5 is asymmetric with respect to the vertical line x = 0, which will be
further examined in section 4.

Both model blades exhibit periodic motion, but with different dynamic characteristics. For instance, the
HDPE model blade behaves like the “first normal mode” of a cantilever beam (Figures 5a and 6a–6l) since
the wave frequency 𝑓w = 1∕Tw = 0.5 Hz is smaller than the first natural frequency 𝑓1 = 1.8752𝑓0 = 1.54 Hz
of the HDPE blade, where 𝑓0 =

√
EI∕[(𝜌vbd + ma)l4] (Rao, 2010). The silicon foam model blade, however,

behaves like a “second normal mode” (Figures 5b and 7a–7l) since the wave frequency 𝑓w is between the
first natural frequency 𝑓1 = 0.36 Hz and the second natural frequency 𝑓2 = 4.694𝑓0 = 2.26 Hz of the silicon
foam blade. The normal mode theory for linear vibration is not suitable to analyze the nonlinear vibration
of the blades, but it is the basis to analyze the nonlinear normal mode for large-amplitude vibration of a
cantilever beam (Hsieh et al., 1994).

To quantify the performance of the numerical simulations for blade postures, the normalized error (𝜖T)
between the simulated and observed displacements of the blade tip is used and given by

𝜖T(t) =
√(

xT − x∗T
)2 +

(
zT − z∗T

)2∕l, (16)
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Figure 6. Comparisons for (a–l) the 20-cm-long HDPE blade posture (x, z) normalized by blade length (l), (m) the
differences between the simulated and observed blade-tip displacements (𝜖T), and (n) the total horizontal force (Fx)
normalized by the root-mean-square horizontal force by rigid plate with the same geometry (Fx,rms, rigid) along time (t).
The waves with period Tw = 2 s and amplitude aw = 4 cm propagate from left to right. Black dashed lines: the data
from Luhar and Nepf (2016); magenta dotted lines: the model results from Luhar and Nepf (2016); green solid lines: the
cable model results; gray-shaded region: the estimated uncertainty in the experiments (Luhar & Nepf, 2016).

where (xT , zT) and (x∗T , z
∗
T) are the simulated and observed Cartesian coordinates of the blade tip, respectively.

A smaller value of 𝜖T indicates a closer simulation. For the HDPE blade shown on Figure 6m, 𝜖T of the cable
model results is smaller than that of the model results from Luhar and Nepf (2016) under wave trough. The
time averaged 𝜖T over one wave period for the cable model is 𝜖T = 0.116 and 14.1% less than that of the
model from Luhar and Nepf (2016) with 𝜖T = 0.135 for HDPE blade (Table 2). For the silicon foam blade
shown on Figure 7m, 𝜖T of the cable model is smaller than that of the model from Luhar and Nepf (2016)
during the entire wave period. The 𝜖T of the cable model is 0.056 and 79.7% less than that of the model from
Luhar and Nepf (2016) with 𝜖T = 0.276 for silicon foam blade (Table 2).

The calculated total horizontal force by the cable model is consistent with the data with a normalized
root-mean-square error (NRMSE) of 0.151 for the HDPE blade and 0.045 for the silicon foam blade. The
NRMSE of Fx by the cable model is comparable to the model results from Luhar and Nepf (2016) with
NRMSE = 0.139 for the HDPE blade and NRMSE = 0.041 for the silicon foam blade. Although the results
of the two models are quite different for the blade postures, the results for the total horizontal force are sim-
ilar because the total horizontal force is the integration of the horizontal force distributed along the blade.
The variance of the distributed force and the momentum along the blade cannot be represented by the total
horizontal force, but it imposes significant influences on the blade postures. Therefore, the difference in the
total horizontal force comparison with the results from Luhar and Nepf (2016) is small, but the difference
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Figure 7. Comparisons for (a–l) the 20-cm-long silicon foam blade posture (x, z) normalized by blade length (l), (m) the
differences between the simulated and observed blade-tip displacements (𝜖T ), and (n) the total horizontal force (Fx)
normalized by the root-mean-square horizontal force by rigid plate with the same geometry (Fx,rms, rigid) along time (t).
The waves with period Tw = 2 s and amplitude aw = 4 cm propagate from left to right. Black dashed lines: the data
from Luhar and Nepf (2016); magenta dotted lines: the model results from Luhar and Nepf (2016); green solid lines: the
cable model results; gray shaded region: the estimated uncertainty in the experiments (Luhar & Nepf, 2016).

in posture comparison is large. As the postures of the blade represent the combined action of the distributed
force and momentum along the blade, the posture is used to demonstrate the blade dynamics rather than
the integration of the horizontal forces along the blade length.

Compared with the model of Luhar and Nepf (2016), the cable model showed an advantage to simulate
the blade dynamics, in particular for the simulations of blade postures in waves. The improvements for the
posture simulations are mainly due to the incorporation of (i) the influences of the blade-motion-induced
rotations of local Lagrangian coordinates along the blade on the added mass force as shown in equation (11),
(ii) the dynamic equilibrium for the geometric continuity of the segments as shown in the compatibility rela-

Table 2
Normalized Time Averaged Error (𝜖T) for the Simulated Displacements of the Blade Tip

Blades Luhar and Nepf (2016) Cable model (a − b)/a × 100%
(a) (b)

Silicon foam 0.276 0.056 79.7%
HDPE 0.135 0.116 14.1%
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Figure 8. The blade posture asymmetry (𝛽xT) is defined as the ratio of time-averaged displacement of the blade tip (xT )
to the maximum absolute displacement (|xT |max). (a) Blade postures and tip trajectory. The horizontal and vertical
coordinates (x, z) are normalized by the blade length (l). The thin green lines indicate the blade postures and the thick
green line indicate the excursion of the blade tip. The black dash-dotted line indicates the time-averaged posture of the
blade postures over one wave period and the thin dashed line indicate the vertical center. (b) The time series of the
horizontal displacement of the blade tip. The time (t) is normalized by wave period (Tw).

tions from equations (4) and (5), and (iii) the spatial variation of the wave orbital velocity encountered by
the blade due to blade displacements. Since the blade acts as a solid moving boundary in the fluid domain,
its motion influences the flow structure. Therefore, accurate blade posture predictions are required to fully
resolve the flow-vegetation interaction, wave-driven currents in a vegetation meadow, and the wave atten-
uation by vegetation. This model can also be used to estimate the internal stress of the blade and the total
force at the bottom of the blade in order to analyze the breakage and the sediment holding properties of the
blade.

4. Symmetric and Asymmetric Blade Motions
4.1. Definition
To quantify the asymmetric motion, the blade posture asymmetry (𝛽xT) is defined as the ratio of the
time-averaged horizontal displacement of the blade tip (xT) to the maximum absolute horizontal displace-
ment (|xT|max) over one wave period (Figure 8) and given by

𝛽xT =
xT|xT|max

, (17)

where (xT) is always smaller than (|xT|max) such that 𝛽xT ∈ (−1, 1). The posture asymmetry is positive when
the blade inclines to the direction of wave propagation. For example, the motions of the blades shown on
Figure 5 are asymmetric with 𝛽xT = 0.30 and 𝛽xT = 0.27 for HDPE and silicon foam blades, respectively.

4.2. Theory
Asymmetric blade motions shown on Figure 5 are partially induced by the weak asymmetry of wave motion
as shown on Figure 3. However, using linear waves to drive the model without the influences of wave asym-
metry still results in asymmetric blade motion (Figure 9) with 𝛽xT = 0.31 and 𝛽xT = 0.32 for HDPE and
silicon foam blades, respectively. The magnitude of the blade posture asymmetry in linear waves is similar
to that in weak asymmetric waves, suggesting that other mechanisms may have contributed to the observed
asymmetric blade motion.

The mechanisms that contribute to the blade asymmetric motion in linear waves are identified according to
the governing equations of blade motion. Substituting equations (3) and (6) to (11) into (1) and (2) yields

EI 𝜕𝜙
𝜕s
𝜕2𝜙

𝜕s2 + 𝜕T
𝜕s

+
(
𝜌 − 𝜌v

)
gbd cos𝜙

+1
2

C𝑓 𝜌2(b + d) ||−u + uw(x, z, t)|| [−u + uw(x, z, t)
]

+𝜌bd
[
−
𝜌v

𝜌

(
𝜕u
𝜕t

+ w𝜕𝜙
𝜕t

)
+
𝜕uw(x, z, t)

𝜕t
+ ww(x, z, t)

𝜕𝜙

𝜕t

]
= 0

(18)
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Figure 9. Blade postures and blade tip trajectory for the 20-cm-long (a) HDPE and (b) silicon foam blades over one
wave period for the symmetric waves with period Tw = 2 s and amplitude aw = 4 cm. Thick green lines indicate the
trajectory of the blade tip while the thin green lines indicate the postures of the blade at selected time steps.

and

EI 𝜕
3𝜙

𝜕s3 − T 𝜕𝜙
𝜕s

+
(
𝜌 − 𝜌v

)
gbd sin𝜙

+1
2

Cd𝜌b ||−w + ww(x, z, t)|| [−w + ww(x, z, t)
]

+Cm
𝜋

4
b2

[
−𝜕w
𝜕t

+
𝜕ww(x, z, t)

𝜕t

]
+𝜌bd

[
−
𝜌v

𝜌

(
𝜕w
𝜕t

− u𝜕𝜙
𝜕t

)
+
𝜕ww(x, z, t)

𝜕t
− uw(x, z, t)

𝜕𝜙

𝜕t

]
= 0,

(19)

where

uw(x, z, t) = U sin𝜙 + W cos𝜙 (20)

and

ww(x, z, t) = −U cos𝜙 + W sin𝜙 (21)

are the encountered flow velocities (wave motion related to the blade) in the blade tangential and nor-
mal direction, respectively. According to linear wave theory (Dean & Dalrymple, 1991), the horizontal and
vertical components of the wave orbital velocity are given by

U(x, z, t) = aw𝜔
cosh kz
sinh kh

cos(kx − 𝜔t) (22)

and

W(x, z, t) = aw𝜔
sinh kz
sinh kh

sin(kx − 𝜔t). (23)

Substituting equations (22) and (23) into equations (20) and (21) yields

uw(x, z, t)

=aw𝜔
cosh kz
sinh kh

cos𝜙 cosh kx tan𝜙 tan kx − tanh kz

cos
[

kx + arctan
(

tan𝜙
tanh kz

)] sin𝜓t
(24)

and

ww(x, z, t)

=aw𝜔
cosh kz
sinh kh

cos𝜙 cosh kx −1 + tan𝜙 tan kx tanh kz
cos[kx + arctan(tan𝜙 tanh kz)]

cos𝜓n,
(25)

where the velocity phase 𝜓t = 𝜔t − [kx + arctan(tan𝜙∕ tanh kz)] and 𝜓n = 𝜔t − [kx + arctan(tan𝜙 tanh kz)].
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Figure 10. The postures of the blade over one half of a wave period (Δt = Tw∕2) for symmetric motion. The thin
arrows show the global coordinate system (x, z) with origin O, while the thick arrows show the velocity of the blade
segments at the distance of s. The thin green lines indicate the selected blade postures. The thick dark green lines
indicate the blade posture with velocity (u,w) and bending angle 𝜙 at the position (x, z) at time t and the symmetric
blade posture with symmetric velocity (u,−w) and symmetric bending angle −𝜙 at the symmetric position (−x, z) after
half wave period. The thick light green line indicates the excursion of the blade tip.

It is assumed that the blade moves at the same period as the wave period (Tw). It is also assumed that there
is a unique solution to the governing equations (18), (19), (4), and (5). The existence of symmetric motion
is explored by examining a pair of symmetric solutions, that is, {T(s, t), u(s, t), w(s, t), 𝜙(s, t)} at the position
(x, z) at time t and {T(s, t +Δt), u(s, t +Δt), w(s, t +Δt), 𝜙(s, t +Δt)}={T(s, t), u(s, t), −w(s, t), −𝜙(s, t)} at the
symmetric position (−x, z) at time t + Δt, as demonstrated on Figure 10. It takes Δt to move from position
(x, z) to (−x, z) and it also takes the same time Δt to move back to (x, z) due to symmetric motion, yielding
Δt = Tw∕2.

Taking {T(s, t), u(s, t), w(s, t), 𝜙(s, t)} as the solution at time t, {T(s, t), u(s, t), −w(s, t), −𝜙(s, t)} is shown to
satisfy the compatibility relations by substituting it into the compatibility relation equations (4) and (5).
The next step is to check if {T(s, t), u(s, t), −w(s, t), −𝜙(s, t)} also satisfies equations (18) and (19) at t + Δt.
Substituting {T(s, t), u(s, t), −w(s, t), −𝜙(s, t)} into equations (18) and (19) for time t + Δt yields

EI 𝜕𝜙
𝜕s
𝜕2𝜙

𝜕s2 + 𝜕T
𝜕s

+
(
𝜌 − 𝜌v

)
gbd cos𝜙

+1
2

C𝑓 𝜌2(b + d)
||||−u + uw(−x, z, t +

Tw

2
)
||||
[
−u + uw(−x, z, t +

Tw

2
)
]

+𝜌bd

[
−
𝜌v

𝜌

(
𝜕u
𝜕t

+ w𝜕𝜙
𝜕t

)
+
𝜕uw(−x, z, t + Tw

2
)

𝜕t
− ww(−x, z, t +

Tw

2
)𝜕𝜙
𝜕t

]
= 0

(26)

and

EI 𝜕
3𝜙

𝜕s3 − T 𝜕𝜙
𝜕s

+
(
𝜌 − 𝜌v

)
gbd sin𝜙

+1
2

Cd𝜌b
||||−w − ww(−x, z, t +

Tw

2
)
||||
[
−w − ww(−x, z, t +

Tw

2
)
]

+Cm
𝜋

4
b2

[
−𝜕w
𝜕t

−
𝜕ww(−x, z, t + Tw

2
)

𝜕t

]

+𝜌bd

[
−
𝜌v

𝜌

(
𝜕w
𝜕t

− u𝜕𝜙
𝜕t

)
−
𝜕ww(−x, z, t + Tw

2
)

𝜕t
− uw(−x, z, t +

Tw

2
)𝜕𝜙
𝜕t

]
= 0.

(27)

The differences between equations (26) and (18), and between equations (27) and (19) are the terms
involving flow velocities, uw and ww. In order for (26) to equal (18) and (27) to equal (19), it requires
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uw(−x, z, t +
Tw

2
) = uw(x, z, t) (28)

and

ww(−x, z, t +
Tw

2
) = −ww(x, z, t). (29)

Replacing (x, z, t) by (−x, z, t + Tw
2
) in equations (24) and (25) yields the velocity at (−x, z, t + Tw

2
), that is,

uw(−x, z, t +
Tw

2
)

=aw𝜔
cosh kz
sinh kh

cos𝜙 cosh kx tan𝜙 tan kx − tanh kz

cos
[

kx + arctan
(

tan𝜙
tanh kz

)] sin(𝜓t + Δ𝜓t)
(30)

and

ww(−x, z, t +
Tw

2
)

= − aw𝜔
cosh kz
sinh kh

cos𝜙 cosh kx −1 + tan𝜙 tan kx tanh kz
cos[kx + arctan(tan𝜙 tanh kz)]

cos(𝜓n + Δ𝜓n),
(31)

where

Δ𝜓t = 2
[

kx + arctan
(

tan𝜙
tanh kz

)]
+ 𝜋 (32)

and

Δ𝜓n = 2
[
kx + arctan(tan𝜙 tanh kz)

]
. (33)

By comparing (30) and (24) as well as (31) and (25), equations (28) and (29) are not always guaranteed due to
the phase differences Δ𝜓t and Δ𝜓n. Thus, {T(s, t), u(s, t), −w(s, t), −𝜙(s, t)} is not a solution to the governing
equations (18) and (19) and therefore the blade motion is asymmetric. The phase differences lying within
the interval [−𝜋, 𝜋) are given by

Ψt = 2
[

kx + arctan
(

tan𝜙
tanh kz

)]
fmod 2𝜋 − 𝜋 (34)

in the tangential direction and

Ψn = {2
[
kx + arctan(tan𝜙 tanh kz)

]
+ 𝜋} fmod 2𝜋 − 𝜋 (35)

in the normal direction, where the “fmod” operator is defined as a fmod b = a−nb and n ∈ N such that nb ≤
a < (n+ 1)b. The phase differences shown in equations (34) and (35) are explicitly expressed as functions of
blade displacements, bending angle, and wave number (representing wavelength), but implicitly functions
of wave conditions and blade characteristics.

The phase differences consist of two terms corresponding to two major mechanisms that induce asymmetric
motion, that is, (i) the blade horizontal displacement (kx) and (ii) the action of vertical wave orbital velocity
(tanh kz, the ratio of vertical component to the horizontal component of wave orbital velocity) associated
with blade vertical displacement (kz). The effects of bending angle (𝜙) are not considered as a major mecha-
nism because the term including tan𝜙 is dependent on the vertical wave orbital velocity. If the vertical wave
orbital velocity does not exist, the effects of tan𝜙will disappear. On the other hand, when𝜙 > 45◦, tan𝜙 > 1
acts as an amplification factor such that the action of vertical wave orbital velocity is more pronounced than
the horizontal displacement of the blade.

Due to the phase differences in the encountered flow velocities, the drag and inertial forces are asymmet-
ric, as well as the blade motion. The tangential phase difference Ψt describes the phase difference of the
combined tangential force acting on the blade and driving the asymmetric blade motion. The tangential
forces include friction and the tangential component of the virtual buoyancy. The normal phase difference
Ψn describes the phase difference of the combined normal force acting on the blade and driving the asym-
metric blade motion. The normal forces include drag, added mass force, and the normal component of the
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Table 3
Blade Geometric and Material Properties for the Selected Species Used in the Present Study Following Lei and Nepf (2016)

Elastic
modulus Density Thickness Width Length Flexural rigidity
E (GPa) 𝜌v (kg/m3) d (mm) b (cm) l (m) EI (×10−5 N m2)

Thalassia testudinuma 0.4–2.4 940 0.30–0.37 1 0.10–0.25 —
Zostera marinab 0.26 700 0.15–0.23 0.3–0.5 0.15–0.60 —
Posidonia oceanicac 0.47 910 0.20 1 0.15–0.50 —
Blades for case study 0.1–0.3 900 0.25 1 0.05–0.60 0.13–3.9
aBradley and Houser (2009), Weitzman et al. (2013). bAbdelrhman (2007), Fonseca et al. (2007), McKone (2009), Moore
(2004). cFolkard (2005), Infantes et al. (2012).

virtual buoyancy. In the case of perfect symmetric blade motion, both Ψt and Ψn should equal zero at each
time step. The onset of asymmetric motion will occur, however, relatively symmetric motion (defined as
𝛽xT ≪ 1) can occur when

|Ψt|≪ 1 (36)

and

|Ψn|≪ 1. (37)

The drag dominates compared to the frictional and inertial forces, so the normal forces are much larger than
the tangential forces. Therefore, the contribution of normal phase difference Ψn to the asymmetric motion
is expected to be much larger than that of tangential phase difference Ψt. Thus, the motion is symmetric as
long as equation (37) is satisfied.

Asymmetric blade motion is caused by the phase differences Ψt and Ψn of the encountered flow velocity
due to the blade displacements. However, the magnitude of the asymmetry is also impacted by other fac-
tors including the blade characteristics and wave properties, which determine the blade displacements. The
impacts of these factors on the magnitude of blade asymmetry will be further investigated using the cable
model in the following sections.

4.3. Case Study
The dynamic response of blades to symmetric wave forcing is investigated using the cable model. Blade
geometric and material properties are adopted from those summarized in Lei and Nepf (2016), which are
also provided in Table 3. In this case study, the blade length l = 0.05–0.60 m and the flexural rigidity EI =
0.13 × 10−5 to 3.9 ×10−5 N m2 are used to represent a variety of blade characteristics. Water depth is set
as h = 1 m such that l∕h = 0.05–0.60. Wave period Tw = 0.9–12.2 s is selected such that the ratio of

Figure 11. Contour of the blade posture asymmetry (𝛽xT , in colors) versus the normal phase difference ΨnT and
tangential phase difference ΨtT at the blade tip. Waves propagate to the right such that 𝛽xT > 0.
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Figure 12. The blade posture asymmetry (𝛽xT) as a function of the ratio of blade length and wavelength (𝛾 = l∕L). The
blade lengths normalized by water depth (l∕h) are (a) 0.05, (b) 0.1, (c) 0.2, (d) 0.3, (e) 0.45, and (f) 0.6. The wave heights
normalized by water depth (H∕h) are 0.04, 0.06, and 0.1. The blade flexural rigidities (EI) are 1.04 × 10−5, 1.95 × 10−5,
and 3.9 × 10−5 N m2.

water depth to wavelength is h∕L = 0.026–0.791. This would correspond to a wide range of wave conditions
from shallow to deep water. The wave height is set as H∕h = 0.02–0.30 to consider the influence of wave
heights on asymmetric motion. To make equations (12) to (14) applicable to calculate the hydrodynamic
force coefficients, the selected results for analysis are from the cases with KC = 0.1–113.6. The corresponding
Re = 9.7–3,822.5 and Ca = 3.1–14,742.8.

To investigate the onset of asymmetric blade motion, Ψt and Ψn at the blade tip are calculated using the
displacements and bending angles of the blade tip defined as ΨtT and ΨnT , respectively. The results of the
blade posture asymmetry (𝛽xT) are shown on Figure 11, where waves propagate to the right such that 𝛽xT > 0.
The results for the cases where waves propagate to the left are omitted here because 𝛽xT keeps the same
magnitude but with an opposite sign. The blade motion is near symmetric (𝛽xT < 0.05) when |ΨnT|∕𝜋 <

0.003, regardless of the value of ΨtT . If |ΨtT|∕𝜋 < 0.3, 𝛽xT < 0.05 when |ΨnT|∕𝜋 < 0.01. Posture asymmetry
increases with increasing ΨtT and ΨnT . Ripples appear in the contours on Figure 11 because ΨtT and ΨnT are
the factors that only induce asymmetry. However, when the asymmetry occurs, the magnitude is influenced
by the blade material and geometric characteristics, as well as the wave conditions.

The blade posture asymmetry is also examined as a function of the ratio of blade length to wave length
(𝛾 = l∕L) for the wave conditions and blade characteristics shown on Figure 12. The results show that the
motion is almost symmetric (𝛽xT < 0.05) when 𝛾 < 0.01. As 𝛾 increases, 𝛽xT increases to a peak value defined
as peak asymmetry (𝛽p) and the corresponding 𝛾 is defined as peak length ratio (𝛾p), which characterizes the
resonant condition. As shown on Figure 12, 𝛽p increases with wave height and blade length. It is also evident
that 𝛽p decreases with increasing blade flexural rigidity (Figures 12a–12d). However, for longer blades such
that l∕h ≥ 0.45 as shown on Figures 12e and 12f, the decrease in 𝛽p is less than 5% for H∕h ≥ 0.1. This
might be because long blades (l∕h ≥ 0.45) are so flexible that their postures are close to a bending limit. Near
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Figure 13. The postures of a 45-cm-long blade (in green) in the wave flow field with wave period Tw = 3.2 s and
amplitude aw = 5 cm in 1-m-deep water (intermediate water waves). The blade posture asymmetry is 𝛽xT = 0.7. The
waves propagate from left to right. The dark thin green lines indicate the blade postures. The blade displacements (x, z)
are normalized by wavelength (L). (a) The blade postures from positions 0 to 7. (b) The upper parts (zoom in) of the
blade postures labeled number 0 to 7, which indicate the blade positions at eight wave phases with t∕Tw = 0, 1/8, 1/4,
3/8, 1/2, 5/8, 3/4, 7/8, and 1 (see Movie S2 for each time step in the supporting information). The black arrows indicate
wave orbital velocity at the blade tip. Panels (c) to (k) show the blade postures and wave flow field. The green solid line
indicates the current blade posture and the dashed green lines indicate the blade posture at previous one position. The
light thick green line indicate the trajectory of the blade tip. The black arrows indicate the wave flow field.

the limit, the posture changes slowly with flexural rigidity and so does the peak asymmetry. In general, the
motion of a longer blade with smaller flexural rigidity in larger-amplitude waves behaves more asymmetric.

5. Discussion
5.1. Mechanisms for Asymmetric Blade Motion
In symmetric waves, asymmetric blade motion is due to the phase differences of the encountered flow veloc-
ity and induced by two mechanisms: (i) the blade displacements and (ii) the vertical component of the wave
orbital velocity. The effect of the vertical component of the orbital velocity is more pronounced than that of
blade displacements, especially for a larger deflected blade with the posture being more horizontal. Previous
research attributed the asymmetric motion to the wave orbital trajectory based on the assumption that the
blade motion is at the same scale as the wave excursion (Döbken, 2015). However, the generalized mecha-
nisms for the asymmetric blade motion may be derived from the wave flow field relative to the blade motion
without that assumption.

The blade postures as a function of wave orbital velocities at eight wave phases over one wave period are
shown on Figure 13 (see Movie S2 for each time step in the supporting information), where the waves prop-
agate to the right. The blade is initially vertical at t∕Tw = 0 and reaches steady state after up to 30 wave
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cycles. The steady state position of the blade is independent of its initial conditions. The blade motion is
governed by the driving force and the bending stiffness of the blade. To simply demonstrate the underly-
ing mechanisms, it is assumed that the driving force is dominated by drag and the blade velocity (u,w) is
smaller than the wave orbital velocity (U,W) such that the force direction acts in the direction of the flow
velocity (U,W). For the steady scenario at position 0 under wave crest, the driving force is directed to the
right following wave orbital velocity, which causes the blade to bend to the right (Figure 13c). From Position
0 to Position 2, the horizontal component of wave orbital velocity U is directed to the right in the direction
of wave propagation, while the vertical component of wave orbital velocity W points downward. From Posi-
tions 2 to 4, U changes direction toward the left, but W is still directed downward. Ultimately, there is a net
force imposed on the blade due to W acting downward on the blade for the first half of the wave cycle, which
promotes the downward motion of the blade and prevents it from moving back to position 0. In the second
half of the wave period (Positions 4 to 7), the blade begins slightly inclined to the right compared to Position
0. Over the second half of the wave period, U points to the left from Positions 4 to 6 and changes direction
toward the right from Positions 6 to 0. However, W is directed upward from Positions 4 to 0, which prevents
the downward motion of the blade on the left side of the vertical axis. The net effect of W is a blade that is
inclined in the direction of wave propagation.

Blade displacement influences the asymmetric flow velocity encountered by the blade. For example, by
comparing U during the second half of the wave period (Positions 4–7, Figures 13g–13j) with the first half
(Positions 0–3, Figure 13c–13f), the positive horizontal velocity U toward the right is larger than the negative
U toward the left. Therefore, the net horizontal component is directed to the right, causing the blade to
incline to the right.

Even though wave orbital velocities are symmetric over the wave period, blade inclination occurs due to
the blade displacement and the asymmetric action of the vertical component of the wave orbital velocity.
This inclination is more pronounced in shorter waves, as the vertical velocity increases to the same magni-
tude as the horizontal velocity, and the blade displacement becomes more comparable with the shortened
wavelength.

5.2. Conditions for Symmetric Blade Motion
Blade displacements and vertical wave orbital velocities induce blade asymmetry. Symmetric blade motion
therefore occurs if these variables are very small, which are satisfied when (i) blade length is much smaller
than the wavelength (l∕L ≪ 1), (ii) in shallow water waves (h∕L ≪ 1), and (iii) the blade length is
much smaller than water depth (l∕h ≪ 1) in finite depth-water waves. These conditions are derived from
equations (36) and (37) and the detail derivations are provided in Appendix A.

For short blades in long waves (l∕L ≪ 1), the blade displacement and W are negligible to the scale of wave-
length so that phase differences between the encountered wave orbital velocities at asymmetric positions
are also negligible, resulting in symmetric blade motion. Similarly, in shallow water waves (h∕L ≪ 1), the
blade motion is symmetric because the effects of blade displacement and W are negligible due to the small
blade displacement compared to the wavelength and negligible W in shallow water waves. One example
of the symmetric blade motion in shallow water waves is shown on Figure A1 (see Movie S3 for each time
step). For short blades (l∕h ≪ 1) in finite depth-water waves (h∕L ∼ (1)), the blade motion behaves sym-
metric because the horizontal displacement of the blade is small, and W is close to 0 when approaching the
blade near the bottom. In the field, at the initial growth phase of SAV, the blade is so short that the motion
is symmetric. When the blade grows longer, the blade motion may become asymmetric.

5.3. Properties and Implications of Asymmetric Blade Motion
Strict conditions for symmetric motion indicate that the occurrence of symmetric motion is limited. There-
fore, the blade motion is typically asymmetric for most situations. The peak asymmetry occurs when the
ratio of blade length to wavelength reaches the peak length ratio. The results showed that the peak asym-
metry is a function of wave conditions and blade characteristics. Generally, the peak asymmetry of blade
motion becomes larger in waves with a larger amplitude. When the blade grows longer, the peak asymme-
try also increases because longer blade has larger deflection and encounters larger wave orbital velocities.
However, the blade flexural rigidity reduces the peak asymmetry.

The behavior of asymmetric blade motion can be used to guide planting strategies of SAV for sediment
settlement. The asymmetric motion is expected to benefit sediment settlement because the “shelter” created
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by the blade inclination could hinder sediment suspension at the seabed. To take advantage of the peak
asymmetry, it is recommended to choose the SAV species such that the ratio of the blade length and the
dominant wavelength is close to the peak length ratio. Longer blades are preferred because they increase
the peak asymmetry and provide a larger “shelter.”

The asymmetric blade motion may also influence the morphological characteristics and the fatigue life of
SAV. The cross section of the vegetation and even the elastic modulus may become asymmetric in response
to the asymmetric blade motion. For example, asymmetric motion induces the stress imbalance on the cross
section. Thus, the tension side of the cross section becomes thinner while the compression side becomes
thicker. Asymmetric blade motion and sheltering may lead to morphological change which in turn may
affect flow pattern near the vegetation. The influences of asymmetric motion on the vegetation morphology
and fatigue life will be investigated in the future work.

In the field, waves are usually superimposed with background currents (Weitzman et al., 2013, 2015). Fol-
lowing currents are expected to enhance the asymmetry of the blade motion while opposing currents are
expected to decrease the asymmetry. With following currents, the asymmetry of blade motion increases with
increasing currents (e.g., Figure 6 of Lei & Nepf, 2019a).

A single vegetation blade likely has little influence on waves, however, numerous blades as a SAV meadow
can significantly impact waves by generating turbulence (Abdolahpour et al., 2018; Tan et al., 2019; Tang
et al., 2019; Zhang et al., 2018), reducing wave energy (Garzon et al., 2019; Henderson et al., 2017; Infantes
et al., 2012; Nowacki et al., 2017; Paul et al., 2012), and inducing mean currents (Abdolahpour et al., 2017;
Chen et al., 2019; Luhar & Nepf, 2011). The wave-driven currents in a vegetation meadow are expected to
enhance the asymmetry of blade motion (e.g., Figure 8 of Lei & Nepf, 2019b). In return, the asymmetric
motion of blades as a meadow are likely to impact the wave-driven current and consequently the mass
transport, which warrants further investigation. The asymmetric blade motion in a meadow is observed to
modify the wave orbital velocity and further influence wave attenuation with a magnitude larger than the
influences of blade stiffness (Paul et al., 2012). The wave shape may also be changed with the asymmetric
blade motion due to the asymmetric wave attenuation.

6. Conclusions
The asymmetric behavior of SAV in waves was investigated using a mass-consistent cable model.
Implementing the cable model improves blade motion modeling. This was especially true for
“second-normal-mode-like” blade motion by incorporating the effects of the blade-motion-induced rota-
tions of local Lagrangian coordinates along the blade on inertial force, the compatibility relations for
geometrical continuity of the blade segments and the spatial variation of wave orbital velocity encountered
by the blade due to blade displacements. With this cable model, two major factors were found to influence
asymmetric blade motion other than wave orbital motion asymmetry. These factors are (i) the spatial asym-
metry of the encountered wave orbital velocities induced by the blade displacements and (ii) the asymmetric
action on the blade by the vertical wave orbital velocities. When near symmetric motion exists (𝛽xT ≪ 1),
conditions are (i) the blade length is much smaller than the wavelength with l∕L ≪ 1, (ii) in shallow water
waves with h∕L ≪ 1 or (iii) the blade length is much smaller than the water depth with l∕h ≪ 1 in finite
depth-water waves. Peak asymmetry occurs when the ratio of blade length to wavelength (l∕L) reaches the
critical value. Peak asymmetry is found to increase with wave height and blade length but decrease with
increasing blade flexural rigidity.

Asymmetric blade motion in a vegetation meadow is expected to influence the wave-driven currents, wave
attenuation and wave shape. Meanwhile, the wave-driven currents and wave asymmetry also influence
the asymmetry of blade motion. It is therefore worthwhile not only to investigate the dynamics of vege-
tation, but to also incorporate the two-way feedback between the asymmetric blade motion and the wave
flow field in wave-vegetation models, such as the coupled CFD and immersed boundary method model
by Chen and Zou (2019) and N-box model (Zeller et al., 2015). Improved blade posture simulations by the
present consistent-mass cable model will yield more accurate predictions for wave-vegetation interaction.
In the future work, the cable model will be coupled with a 3-D wave hydrodynamics model to investigate
the capacity of SAV for wave attenuation, as well as its influence on wave-driven currents in a vegetation
meadow.
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Figure A1. The postures of a 20-cm-long blade (in green) in the wave flow field with wave period Tw = 6.8 s and
amplitude aw = 5 cm in 1-m-deep water (shallow water waves). The blade posture asymmetry is 𝛽xT = 0.04. The waves
propagate from left to right. The dark thin green lines indicate the blade postures. The blade displacements (x, z) are
normalized by wavelength (L). (a) The blade postures from positions 0 to 7. (b) The upper parts (zoom in) of the blade
postures labeled number 0 to 7, which indicate the blade positions at eight wave phases with t∕Tw = 0, 1/8, 1/4, 3/8,
1/2, 5/8, 3/4, 7/8, and 1 (see Movie S3 for each time step). The black arrows indicate wave orbital velocity at the blade
tip. Panels (c) to (k) show the blade postures and wave flow field. The green solid line indicates the current blade
posture and the dashed green lines indicate the blade posture at previous one position. The light thick green line
indicates the trajectory of the blade tip. The black arrows indicate the wave flow field.

Appendix A: Conditions for Symmetric Blade Motion in Symmetric Waves
The absolute symmetric motion does not exist due to the phase differencesΨt andΨn. However, whenΨt and
Ψn are close to 0, equations (28) and (29) hold such that {T(s, t),u(s, t),−w(s, t),−𝜙(s, t)} is also a solution to
the governing equations (18) and (19), resulting in a relatively symmetric motion. Therefore, the conditions
for relatively symmetric motion are obtained, i.e., |Ψt|≪ 1 in (36) and |Ψn|≪ 1 in (37).

According to equations (24) to (25) and (30) to (31), the wave orbital velocities at time t and t+Tw∕2 have the
same amplitude. Therefore, the hydrodynamic coefficients Cd, C𝑓 , and Cm are the same at both positions,
indicating that the hydrodynamic coefficients do not contribute to the generation of asymmetric motion.
Generally, the driving forces in the normal direction dominate so that the contributions of Ψn to asymmetric
motion is expected to be more significant and the tangential phase difference Ψt can be neglected due to the
negligible forces in the tangential direction. Thus, the blade motion is symmetric when only equation (37)
is satisfied.

For bottom-rooted blade configuration such that |x| ≤ l and |z| ≤ l, it is evident that kx +
arctan(tan𝜙 tanh kz) < kl + | tan𝜙 tanh kz| < (1 + | tan𝜙|)kl = 2𝜋(1 + | tan𝜙|)l∕L. Since the blade cannot
be fully horizontal, thus, | tan𝜙| is finited. Therefore, one condition for |Ψn|≪ 1 in (37) can be obtained,

l∕L ≪ 1. (A1)
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In fact, if l∕L ≪ 1, tanh kz ≈ 0 so that |Ψt| ≈ 2kx < 4𝜋l∕L ≪ 1 such that equation (36) is also satisfied.
Therefore, equation (A1) is one condition for symmetric blade motion. For completely submerged blades
such that l ≤ h, then l∕L ≤ h∕L so that the following condition for equation (A1) can be obtained,

h∕L ≪ 1, (A2)

which is also a condition for symmetric blade motion. One example of blade symmetric motion in shallow
water waves is shown on Figure A1 (see Movie S3 for each time step). In finite water-depth waves with
h∕L ∼ (1), l∕L = h∕L · l∕h ∼ (l∕h) so that the following condition for equation (A1) can be obtained,

l∕h ≪ 1, (A3)

which is also a condition for symmetric blade motion.
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