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ABSTRACT

Metasurfaces and metagratings offer new platforms for electromagnetic wave control with significant responses. However,
metasurfaces based on abrupt phase change and resonant structures suffer from the drawback of high loss and face challenges
when applied in water waves. Therefore, the application of metasurfaces in water wave control is not ideal due to the limi-
tations associated with high loss and other challenges. We have discovered that non-resonant metagratings exhibit promising
effects in water wave control. Leveraging the similarity between bridges and metagratings, we have successfully developed
a water wave metagrating model inspired by the ancient Luoyang Bridge in China. We conduct theoretical calculations and
simulations  on  the  metagrating  and  derive  the  equivalent  anisotropic  model  of  the  metagrating.  This  model  provides
evidence that the metagrating has the capability to control water waves and achieve unidirectional surface water wave. The
accuracy  of  our  theory  is  strongly  supported  by  the  clear  observation  of  the  unidirectional  propagation  phenomenon
during simulation and experiments conducted using a reduced version of the metagrating. It is the first time that the unidi-
rectional propagation of water waves has been seen in water wave metagrating experiment. Above all, we realize the water
wave metagrating experiment for the first time. By combining complex gratings with real bridges, we explore the physics
embedded in the ancient building — Luoyang Bridge, which are of great significance for the water wave metagrating design
and  provide  a  new  method  for  analyzing  the  effects  of  water  waves  on  bridges.  At  the  same  time,  this  discovery  also
provides a new idea for ocean cargo transportation, ocean garbage cleaning, and the development and protection of ancient
bridges.
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 1   Introduction

Water waves are ubiquitous in our daily lives, representing
one  of  the  most  common  forms  of  waves.  They  are
mechanical  waves  that  widely  exist  on  the  surface  of
various  waters,  and  the  restoring  force  is  provided  by
gravity [1, 2]. The investigation of water wave scattering,
diffraction,  and  decay  as  well  as  the  development  of
novel techniques for water wave control are hot topics in
the field of water wave mechanics for a long time [2, 3].
In the past ten years, photonic crystals [4‒7], metamaterials
[8–11]  and  metasurfaces/metagratings  [12–16]  have
demonstrated  significant  success  in  the  control  of  elec-
tromagnetic  waves.  Consequently,  researchers  have
extended these structures and methods into water wave
systems (new corresponding  relationship  can be  seen  in
Section  1  of  the  Electronic  Supplementary  Materials
(ESM)  [17]),  such  as  employing  photonic  crystals  to
achieve negative  refraction [18]  and self-collimation [19]
of water waves. Additionally, the utilization of metama-
terials has enabled advancements in water wave control,
including cloaking [20, 21], rotation of water waves [22],
focusing  [23, 24]  and  concentration  [25].  Furthermore,
periodic metamaterials have shown promise in achieving
extraordinary effects  in  water  wave systems,  which can
be applied  to  achieve  negative  gravity  [44],  surpass  the
upper  limit  of  water  wave  velocity  [26],  etc.  However,
the  application  of  metasurfaces  and  metagratings  in
water  waves  control,  especially  in  experiments,  is  still
limited  and  infrequent.  In  our  previous  work,  we  have
theoretically proved that the metagratings can effectively
isolate water waves and provide protective measures for
buildings  [27],  while  no  experiments  have  been
conducted so far.  Therefore,  conducting experiments on
water  wave  metagratings  is  a  highly  worthwhile  and
timely compelling topic for exploration.

Metasurfaces and metagratings are a new type of arti-
ficial  subwavelength  materials  that  have  been  very
popular in recent years, which provide a new method for
wave  field  control  and  enabling  the  implementation  of
interesting  functions  [12–16].  Some  notable  functions
include extraordinary optical diffraction [28], asymmetric
Perfect  Diffraction  [29],  negative  diffraction  [30],  large
numerical aperture focusing [31], broadband holographic
display  [32],  holographic  photoelectric  detection  [33],
angular  asymmetric  absorption  [34],  non-scattering
manipulation  of  abnormal  reflection  and  refraction
[35–37], reversal of transmission and reflection [38], and
extension of the incident angle to several discrete angles
[39].  Most metasurfaces are typically designed based on
abrupt phase change and resonance, however, the propa-
gation of water waves is often associated with substantial
loss.  Thus,  the  utilization  of  abrupt  phase  changes  and
resonant  structures  in  metasurfaces  will  further  deepen
the loss of the water wave, resulting in poor water wave
control  effect.  This  may be  a  crucial  reason why meta-

surfaces  have  not  been  extensively  employed  for  water
wave  control.  However,  through  our  research,  we  have
discovered  that  certain  non-resonant  metagratings
exhibit minimal loss for water waves while demonstrating
good  control  capabilities.  In  this  article,  building  upon
the previous theoretical work, specifically the utilization
of  the  Luoyang  Bridge  metagrating  model  for  water
wave control [27], we proceed to design a novel non-resonant
metagrating  model  to  investigate  and  comprehend  the
underlying  mechanism  of  controlling  water  waves
through metagratings.

Luoyang  Bridge  is  an  ancient  bridge  located  in
Quanzhou,  China  (see Fig.  1(a)  [40]),  which  has  a
history  of  more  than  1000  years,  stretching  over  1000
meters and featuring an array of 46 pillars [41]. Remark-
ably, the unique ship-like pillar structures give Luoyang
Bridge  some  unique  physical  characteristics,  such  as
eliminating  water  waves  [27, 42].  Through  the  research
of  the  metagrating  model  of  Luoyang  Bridge,  we  find
another intriguing phenomenon: vortex water waves can
excite unidirectional surface water wave near the meta-
grating, as shown in Fig. 1(b).

We  can  see  that  the  vertical  displacement  of  the
vortex water wave (excited by the rotating propeller) at
the right side of the source is greatly weakened, while at
the left side of the source is enhanced, forming a unidi-
rectional surface water wave. To comprehend the origins
of  this  phenomenon,  we  conduct  rigorous  theoretical
calculations and numerical simulations. Furthermore, we
validate this phenomenon in experiments.

 2   Theoretical analysis and numerical
simulation

h

If  we  consider  linear,  inviscid,  and  irrotational  water
waves in an infinite extent of water of constant depth ,
its governing equation is [2, 43] 
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Fig. 1  Luoyang  Bridge  and  its  metagrating  model.
(a) Realistic  terrain  scene  of  Luoyang Bridge  [40]. (b) The
vortex  water  source  excites  a  unidirectional  surface  water
wave near the metagrating (the detailed structure diagram of
the  metagrating  is  shown  at  the  upper  right  corner  of  the
picture and the enlarged view of the vertical displacement of
water  surface  and  the  static  water  depth  (or  average
water depth) is shown at the lower right corner).
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∇ · (u · ∇p) +
ω2

g
p = 0, (1)

u u = tanh (kh) /k
p p = ρgη ρ

g η

where  is the reduced water depth,  [44],
 is the hydrostatic pressure of water surface ( ), 

is the fluid density,  is the gravitational acceleration, 
is  the vertical  displacement of the water wave, and the
nonlinear dispersion of water waves is [45, 46] 

ω =
√
guk, (2)

ω kwhere  is the angular frequency and  is the propagation
wave number of water wave.

x y

η (x, y) = H1 (k0r) eiθ =
∫
η̃(kx, y)eikxxdkx

Then we first write the vertical displacement expression
of  the  vortex  water  wave  in  the –  plane  as

, where 

η̃ (kx, y) =
1

πk0

(
i
kx
ky

∓ 1

)
eiky|y−ysource|. (3)

η̃(kx, y) η(x, y) H1

kx ky

x y ky = (k
2
0 − k2x)

1/2

k0 = 2π/λ λ r θ

r cos θ = x r sin θ = y

y > ysource y < ysource ysource

 is  spatial  Fourier  transform  of ,  is  the
Hankel function of the first kind,  and  are the wave
number  in  the  and  direction,  and

. Here  is the wavelength,  and  are cylindrical
coordinate systems, and , . The minus
and  plus  signs  in  Eq.  (3)  respectively  correspond  to

 and , where  is the location of the
source (e.g., a vortex water wave).

x kx > 0 kx < 0

0, ysource

kx < 0 kx > 0

We assume that the wave number of the water wave
propagating  along  the  positive  direction  and  negative
direction  of -axis  are  and  respectively.
Because  the  wave  source  is  located  at  ( )  in
Fig. 1(b), we can use the left part and right part of the
wave source to represent  and  respectively.

|kx| > k0 ky = i
√
k2x − k20When , ,  then  we  bring  it  into

Eq. (3) to get 

η̃ (kx, y) =
1

πk0

(
kx√

k2x − k20
∓ 1

)
e−

√
k2
x−k2

0|y−ysource|.

(4)

η

y y < ysource

kx > 0

kx < 0

x

|kx| > k0

|kx| > k0

It can be seen from Eq. (4) that  is an evanescent wave
in the  direction, and in the region of  [corre-
sponding to plus signs in Eq. (4)], the vertical displacement
of the evanescent wave components are enhanced in the
part of  (on the right part of wave source), while
for the part of  (on the left part of wave source),
the  evanescent  wave  components  are  mutually  elimi-
nated.  Therefore,  by  making  the  propagation  wave
number of the evanescent wave in the  direction meeting

, it is possible to excite the unidirectional surface
water  waves  [47].  Can  the  metagrating  excite  surface
wave  with ?  Let  us  analyze  and  calculate  it
below.

Due to the complex structure of metagrating shown in
Fig.  1(b),  it  is  difficult  to carry out accurate analytical
calculation at present. We first simplify it into a structure

s1 + s2 = 11 m b = 5 m
a = 6 m

d = a+ b = 11 m

of  periodic  rectangular  grating  (which  is  directly  called
SPRG later) as shown in Fig. 2(a), and the top view of
the specific dimensions of the two adjacent rectangles is
shown in the upper right corner of Fig. 2(a), the length
of  each  rectangle  is ,  the  width  is ,
and the distance between two rectangles is , that
is,  the  length  of  a  unit  cell  is .  We first
solve the dispersion relation of the excited surface mode
of  SPRG  as  [48]  (the  derivation  is  in  Section  1  of  the
ESM) 

kx =

√
d2
[
eik0(s1+s2) + 1

]2 − a2
[
eik0(s1+s2) − 1

]2
d
[
1 + eik0(s1+s2)

] k0.

(5)

x

|kx|
k0

Through calculations, we find that SPRG can excite the
surface  mode  of  water  waves,  localize  the  water  waves
on its surface, form surface water waves, so the -direction
propagation wave number  will become large, exceeding

,  thereby  unidirectional  propagation  of  water  waves
can  be  realized.  Analytical  calculation  and  numerical
simulation verification are carried out below.

y > −6 m y < −17 m
u0

ux = 0, uy = a/d ∗ u0, g = d/a ∗ g0

We  cannot  simulate  the  infinitely  long  SPRG  in  a
limited space, so we can make the SPRG be equivalent
to an anisotropic water layer, if the reduced water depth
in the area of  and  in Fig. 2(b) is set
as , then the equivalent parameters of the anisotropic
water layer is  (the deriva-
tion  is  in  Section  1  of  the  ESM).  Then,  the  dispersion
relation  of  the  excited  surface  mode  of  the  anisotropic
water layer can be solved as follow (the derivation is in
Section 1 of the ESM): 

kx =

√
d2
(
eik0(s1+s2) + 1

)2 − a2
(
eik0(s1+s2) − 1

)2
d
(
1 + eik0(s1+s2)

) k0.

(6)

By  comparing  Eqs.  (5)  and  (6),  we  can  find  that  the
dispersion  relation  expressions  of  the  surface  modes
excited  by  the  equivalent  anisotropic  water  layer  and
the  SPRG  are  exactly  the  same,  which  analytically
proves  that  this  equivalence  is  feasible.  Then  we  bring
the equivalent anisotropic water layer into the commercial
software COMSOL Multiphysics for verification.

−17 m < y < −6 m,

λ > 4(s1+s2) 46.4 m

y < ysource

The  simulation  results  are  shown  in Fig.  2(b).  The
area of the equivalent anisotropic water layer in Fig. 2(b)
is within  the wave source is at (0, 0),
in  order  to  satisfy  the  condition  that  surface  waves
appear  on  the  metagrating:  the  wavelength  is  4  times
greater than that of the groove depth of the metagrating
[ ], we set the wavelength around . This
belongs  to  the  case  where  the  equivalent  anisotropic
water layer is located in the region of . Eq. (4)
should  take  the  plus  sign.  From  the  field  patterns  in
Fig.  2(b),  it  can  be  seen  that  in  the  equivalent
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kx < 0

kx > 0

anisotropic  water  layer,  the  vertical  displacement  of
water  wave  in  the  left  part  ( )  is  weakened,  while
in the right  part  ( )  is  enhanced,  forming a unidi-
rectional  surface  water  wave  propagating  to  the  right,
which  is  in  good  agreement  with  the  theory.  Then  we
expand  the  vortex  water  wave  in Fig.  2(b)  by  plane
waves, solve the expression of water wave in each region
analytically,  and  plot  the  field  pattern  of  water  wave
corresponding  to Fig.  2(b),  as  shown  in Fig.  2(c)  (the
derivation  is  in  Section  1  of  the  ESM).  In  order  to
distinguish from Fig. 2(b), the anisotropic water layer in
Fig. 2(c) is marked with a solid red line. By comparing
Figs. 2(b) and (c), we can find that the field patterns in
Fig.  2(b) and Fig.  2(c)  are almost identical,  which also
proves  that  our  numerical  simulation  and  analytical
calculation are in good agreement with each other. With
this equivalent anisotropic water layer, we can simulate
an  infinitely  long  SPRG.  We  can  use  the  method  of
splicing  the  equivalent  anisotropic  water  layer  and  the

−17 m < y < −6 m

46.4 m

perfectly  matched  layer  (PML)  to  the  two  sides  of  the
SPRG  to  extend  it  infinitely  (which  is  directly  called
splicing model later), and then the numerical simulation
of the SPRG can be carried out accurately. The simulation
results  are  shown  in Fig.  2(d),  where  the  area  of  the
spliced  model  of  the  SPRG  is ,  the
wave source  is  located at  (0,  0),  and the  wavelength is

.  The  simulation  results  show  that Fig.  2(c)  and
Fig. 2(d) are highly similar. The wave source excites the
surface  water  wave  propagating  to  the  right  in  the
SPRG,  and  then  enters  the  equivalent  water  layer  and
continues to propagate to PML. The vertical displacement
of the water wave in the right part is enhanced, while in
the  left  part  is  greatly  weakened,  thereby  forming  a
unidirectional surface water wave, which proves that the
SPRG  can  indeed  excite  a  unidirectional  surface  water
wave.  In  order  to  make  our  equivalent  model  closer  to
the  real  Luoyang  Bridge,  we  introduce  the  anisotropic
gradient water layer into the equivalent model. Then we
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Fig. 2  Water  wave  field  patterns  of  four  equivalent  models  of  Luoyang  Bridge. (a) Schematic  diagram  of  SPRG.  The
simulation (b) and  the  analytical  solution (c) of  field  pattern  of  water  wave  excited  by  the  equivalent  anisotropic  water
layer of the SPRG. (d) The simulated field pattern of water wave excited by the spliced model of the SPRG. The simulated
field  pattern  of  water  wave  excited  by  the  equivalent  anisotropic  gradient  water  layer (e) and  the  spliced  model (f) of
Luoyang Bridge.
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can  write  down  a  possible  equivalent  parameter  of  the
equivalent gradient anisotropic water layer of the whole

Luoyang  Bridge  by  the  layered  method  as  follows  (the
derivation is in Section 1 of the ESM):

 

↔
u, g =


ux = 0, uy =

(d+ y + s1 + 1)

d
∗ u0, g =

d

(d+ y + s1 + 1)
∗ g0 (−11 m < y < −6 m)

ux = 0, uy =
a

d
∗ u0, g =

d

a
∗ g0 (−17 m < y < −11 m)

, (7)

u0 = tanh (k0h0) /k0 k0 = 2π/λ

h0 = 3 m
λ = 46.4 m

where , ,  the  background
water depth of real Luoyang Bridge is , and the
wavelength .

−17 m < y < −6 m

λ = 46.4 m

y < ysource

kx < 0

kx > 0

−17 m < y < −6 m

λ = 46.4 m

The simulation result of equivalent anisotropic gradient
water  layer  is  shown in Fig.  2(e),  in  which  the  area  of

 is  the  equivalent  anisotropic  gradient
water  layer,  and  the  wave  source  is  located  at  (0,  0)
with  wavelength ,  which  belongs  to  the  case
where  the  equivalent  gradient  water  layer  is  located  in
the  region  of .  From  the  field  pattern  in
Fig. 2(e), it can be seen that the vertical displacement of
water  wave  in  the  left  part  ( )  in  the  equivalent
gradient water layer is weakened, while in the right part
( )  is  enhanced  to  form  a  unidirectional  surface
water  wave  propagating  to  the  right.  We  extend  the
metagrating of Luoyang Bridge infinitely by the splicing
method. Then we simulate and verify the splicing model,
and the simulation result is shown in Fig. 2(f). The area
of  in Fig. 2(f) is the equivalent gradient
water  layer  and  the  splicing  model  of  metagrating,
where  the  wave  source  is  located  at  (0,  0),  and  the
wavelength  is  still .  From  the  simulation
results,  it  can  be  seen  that Fig.  2(e)  and Fig.  2(f)  are
highly similar, also forming a unidirectional propagation
surface  water  wave,  which  proves  that  the  metagrating
can  indeed  excite  a  unidirectional  propagation  surface
wave for water waves.

 3   Experimental verifications

a = 0.6 cm b = 0.5 cm
d = 1.1 cm s1 = 0.5 cm s2 = 0.6 cm

8 mm

f

λ

We  then  do  some  experiments  to  qualitatively  observe
the  unidirectional  propagation  water  wave  excited  near
the  metagrating.  We  print  out  a  reduced  metagrating
with  a  3D  printer  [reduced  by  100  times  compared  to
Fig. 1(b)], its structure diagram is shown in Supplement-
ary  Fig.  S6(c)  and  its  material  is  PLA  plastic,  and  its
structural  dimensions  are , ,

, ,  and .  The water  depth
in  the  experiment  is .  The  equipment  used  in  the
experiment is shown in Supplementary Figs. S6(a, b). A
miniature  propeller  is  used  to  excite  the  vortex  water
wave, we set its frequency  to 5.1 Hz, according to the
dispersion  relation  of  water  waves  Eq.  (2),  we  can find
that  the  corresponding  wavelength  is  4.64  cm,  the
impermeable  rigid  body  is  a  reduced  metagrating  (in
cyan), and the black sponges on the left and right sides
are  used  to  eliminate  the  reflection  of  water  waves  at
outer  boundaries  (detailed  structure  could  be  seen  in

Section 2 of the ESM).
The  experimental  results  are  shown  in Fig.  3.

Figure 3(a) is a schematic diagram of the observation of
experimental  results.  The  light  shines  from  above  and
projects  the  trajectory  of  the  water  waves  onto  the
bottom  screen  to  facilitate  our  observation.  Therefore,
the  experimental  results  below  are  all  projections  of
water waves. In order to highlight the role of metagrat-
ings, we design a set of control experiments as shown in
Fig.  3(b).  The  sample  of  the  control  group  is  in  the
upper part, which is a flat plate without any structure.
The  sample  of  the  experimental  group  is  in  the  lower
part, which is a reduced metagrating.

Due to the capillary effect of water, the projected area
of the metagrating is larger than itself, making it difficult
to observe the near-field surface water waves formed by
vortex  waves  near  the  metagrating.  However,  when  we
carefully observe the simulation results in Fig. 2, we will
find that obvious unidirectional phenomena can also be
seen in the far field of 1 to 2 wavelengths near the wave
source. This is because the field near the wave source is
strong.  Although  the  unidirectional  surface  water  wave
is  evanescent  wave,  it  can  still  propagate  a  certain
distance. Therefore, we verify our conclusion by observing
the unidirectional  phenomenon in the far  field near  the
wave source in the experiment.

Figure  3(c)  shows  the  experimental  results  without
metagrating.  It  can  be  seen  that  a  complete  vortex
water  wave  (a  counterclockwise  rotating  propeller)  has
the  same  vertical  displacement  on  both  sides  of  the
water  wave  with  a  wavelength  of  4.64  cm  (with
frequency 5.1 Hz).

Figure  3(d)  shows  the  experimental  results  of  the
control  group. The wavelength is still  4.64 cm, and the
wave  source  (a  counterclockwise  rotating  propeller)  is
put 0.6 cm away from the flat plate. It can be seen that
the  water  wave  on  the  left  side  of  the  wave  source  is
strongly  reflected  after  encountering  the  flat  plate,  and
the  vertical  displacement  of  the  water  wave  does  not
weaken at all.

Then we replace the flat plate with reduced metagrat-
ing, the experimental results are shown in Figs. 3(e) and
(f).  When the propeller rotates clockwise (counterclock-
wise),  the  vertical  displacement  of  the  water  wave  on
the  right  (left)  side  of  the  wave  source  is  weakened,
forming  a  unidirectional  surface  water  wave  propagates
to  the  left  (right).  At  the  same  time,  by  comparing
Figs.  3(d)  and  (f),  we  can  see  that  compared  with  the
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flat  plate,  the metagrating can significantly weaken the
vertical displacement of the water wave on the left side
of  the  wave  source,  proving  that  the  metagrating  can
indeed  excite  unidirectional  propagating  surface  water
waves,  which  is  in  good  agreement  with  our  theory.
[Figures  3(e)  and  (f)  have  corresponding  videos  in
Section 2 of the ESM.]

We  also  conduct  experiments  near  the  real  Luoyang
Bridge.  However,  Luoyang  Bridge  is  a  protected  area,
we  cannot  conduct  more  systematic  experiments,  but
some unidirectional  effects  can  also  be  seen.  The  water
depth near Luoyang Bridge is about 3 m, we use a ship
to  rotate  in  situ  to  excite  a  vortex  water  wave  near
Luoyang  Bridge.  Due  to  the  complex  water  conditions
near Luoyang Bridge, we slow down the frequency of the
ship’s rotation to 0.09 Hz (if the ship continues to slow
down, it will be difficult to generate vortex waves), and
make  the  wavelength  as  large  as  possible  so  that  it  is
close  to  46.4  m.  At  the  same  time,  here  we  rotate  the
ship  clockwise  to  generate  a  clockwise  rotating  vortex
wave, according to theoretical calculation and laboratory
results, unidirectional water surface wave propagating to
the  left  should  be  generated.  The  field  experiment
results are shown in Figs. 4(a) and (b). The wave source
center is set 6 m away from Luoyang Bridge, and it can
be  seen  that  the  water  wave  on  the  right  side  of  the
wave source is weakened to form a unidirectional water
surface wave propagating to the left.

In  order  to  make  the  unidirectional  water  surface

wave  more  obvious,  we  put  two  strings  of  orange  float
balls  on  both  sides  of  the  wave  source.  It  can  be  seen
that  the  included  angle  between  the  float  ball  and  the
vertical direction on the left side is greater than that on
the right  side.  In  order  to  make the  deflection angle  of
the  orange  float  balls  look  clearer,  an  enlarged  view  of
the  two parts  of  the  orange  float  balls  in Fig.  4(b)  are
shown in Figs. 4(c) and (d). It can be clearly seen that
the left float balls have a larger included angle with the
vertical direction, which proves that the strength of the
water  surface  wave  propagating  to  the  left  is  greater
than that propagating to the right, i.e., it forms a unidi-
rectional  water  surface  wave  propagating  to  the  left,
which is in good agreement with our theory and laboratory
results. [Figures 4(a) and (b) have corresponding videos
in Section 2 of the ESM.]

 4   Conclusion

We find that metagratings can also control water waves,
the  vortex  water  waves  can  excite  unidirectional  water
waves near metagrating. At the same time, we calculate
the  equivalent  anisotropic  water  layer  model  of  meta-
grating. We verify the equivalent anisotropic water layer
from  analytical  calculations  and  numerical  simulations.
Then we carry out experiments on a reduced metagrating
and  qualitatively  observe  the  results  similar  to  the
theory. Our work provides a new method for controlling
water  waves,  namely  metagratings,  which  can  help
better  understand  the  unidirectional  propagation
phenomena and physical mechanisms contained in meta-
gratings  and  even  in  ancient  building  like  Luoyang
Bridge, it also provides a new method for bridge analysis

(a) (b)

(c) (d)

(e)
2 cm

Source
Sample

(f)

Light

Propeller

Screen

Sample
PML

 
Fig. 3  Experimental  results. (a) Side  view  of  the  experi-
mental  equipment. (b) The  Sample  of  control  (up)  and
experimental  (down)  group. (c) Vortex  water  wave  excited
by  a  rotating  miniature  propeller,  the  propeller  is  counter-
clockwise  rotating. (d) Field  pattern  for  the  case  when  the
rotating  propeller  is  close  (0.6  cm)  to  the  flat  plate.  The
propeller is counterclockwise rotating. (e, f) Field pattern for
the case when the rotating propeller is close (0.6 cm) to the
reduced  metagrating.  The  propeller  is  (clockwise)  counter-
clockwise rotating.

(a) (b)

(c) (d)

 
Fig. 4  Field experimental results. (a) Field pattern for the
case  when  the  rotating  boat  is  close  (6  m)  to  the  real
Luoyang  Bridge.  The  boat  is  clockwise  rotating. (b) Field
pattern for the case when the rotating boat is close (6 m) to
the real Luoyang Bridge with orange float ball.  The boat is
clockwise  rotating.  Enlarged image on the left  part (c) and
right part (d) of Fig. 4(b).
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—  using  metagrating  to  model  bridges  to  analyze  the
effect of water waves on bridges. At the same time, this
discovery may contribute to ocean cargo transportation,
ocean  garbage  cleaning,  and  the  development  and
protection of ancient bridges.
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