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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- A hydrodynamic cloak has been experimentally realized in a porous medium flow field

- It is the thinnest shell-shaped cloak ever designed. The cloak structure is unparallelly simple

- The cloak structure is unparallelly simple. It consists of a thin shell of free space and an isotropic porous medium
ll www.cell.com/the-innovation
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Transformation mapping theory offers us great versatility to design invisible
cloaks for the physical fields whose propagation equations remain invariant
under coordinate transformations. Such cloaks are typically designed as a
multi-layer shell with anisotropic material properties, which makes no distur-
bance to the external field. As a result, an observer outside the cloak cannot
detect the existence of this object from the field disturbances, leading to the
invisible effect in terms of field prorogation. In fact, for many prorogating
fields, at a large enough distance, the field distortion caused by an object is
negligible anyway; thus, a thin cloak is desirable to achieve near-field invisi-
bility. However, a thin cloak typically requiresmore challengingmaterial prop-
erties, which are difficult to realize due to the huge variation of anisotropic
material parameters in a thin cloak region. For a flow field in a porous me-
dium, by applying the bilayer cloak design method and integrating the inner
layer with the obstacle, we successfully reduce the anisotropic multi-layer
cloak into an isotropic single-layer cloak. By properly tailoring the perme-
ability of the porous medium, we realize the challenging material parameters
required by the ultrathin cloak and build the thinnest shell-shaped cloak of all
physical fields up to now. The ratio between the cloak’s thickness and its
shielding region is only 0.003. The design of such an ultrathin cloak may
help to achieve the near-field invisibility and concealment of objects inside
a fluid environment more effectively.
INTRODUCTION
Making an object invisible has always been a dream for many scientists and

engineers. Thanks to pioneering theoretical studies,1–3 transformation mapping
theory shows great potential for the design of invisible cloaks in various physical
fields. The transformationmapping theory predicts that once the governing equa-
tion of a transport process remains form invariant under a certain coordinate
transformation, one can tailor the medium’s transport parameters with the coor-
dinate transformation to achieve a desirable propagation of the corresponding
physical field. With this theory, researchers may design cloaks that can shield
its inner space from external detection and make inside objects invisible
in various situations, such as optics,4,5 magnetics,6,7 acoustics,8,9 heat trans-
fer,10–12 and even time.13,14 In hydrodynamics, similarly invisible cloaks have
also been proposed to conceal the objects without disturbing the surrounding
fluid field and are useful for target stealth and drag reduction.15–17 Although
different structures have been experimentally16,17 and theoretically18–20 studied,
the thickness of the cloak has never been systematically tuned. However, thick-
ness is a key factor for cloaking performance, because, at a large distance, the
disturbance from the object is typically negligible anyway, and a cloakwith a large
thickness is thus meaningless in practice. Therefore, it is desirable to design
cloaks as thin as possible. In this study, we successfully achieve an ultrathin
cloak, whose dimensionless thickness (i.e., the cloak thickness divided by the
shielded region’s size) is thinner than all previous cloaks practically realized.

The conventional design of a cloak based on the transformation mapping the-
ory is to formmultiple layers with anisotropic materials, which naturally results in
a large cloak thickness. Hence, a new design with fewer layers is desirable to
reduce the thickness.When the dominant transport equation is the Laplace equa-
tion,6,11,21 cloaks can be designed as bilayer structures with isotropic materials,
which can achieve a much thinner thickness. In an electromagnetic field, the
bilayer cloak has achieved a dimensionless thickness of s = 0.25.22 In a direct cur-
rent (DC) electric field, s of an electric bilayer cloak is about 0.17.23 In thermody-
namics, researchers started to pursue the ultrathin cloak for the first time and
reduced this ratio to an amazing value of 0.02.24 In this study, we further decrease
s by another order of magnitude and reach the striking value of 0.003 in the flow
field inside a porous medium.
ll
In porous medium hydrodynamics, due to the low Reynolds number, the Nav-
ier-Stokes equation can be simplified into Darcy’s law, which is in the form of the
Laplace equation. Therefore, bilayer cloaks can be designed with homogeneous
and isotropic materials, which offers a good opportunity to realize an ultra-
thin cloak.
Inside a porous medium, permeability is the dominant control parameter that

controls transport properties, which can be determined entirely by the artificially
constructed porous structure. By placing small pillars in desired locations and
tuning their sizes and spacings (i.e., tuning the porosity of the medium), the
permeability can be tailored accurately. In addition, due to the sensitive perme-
ability-porosity relationship, by only slightly changing porosity, the permeability
can be adjusted broadly over several orders of magnitude. As a result, this accu-
rate and broad tuning enables an ultrathin cloak with s = 0.003, the thinnest cloak
ever achieved experimentally.
THEORETICAL DESIGN
In general, the cloaking or invisible effect can be achieved by establishing a per-

fect impedance match between the background and the cloaking shell. The
spatial distribution of the transmission parameters in the cloaking shell needs
to make the streamlines bypass the shielded object. In previous studies, owing
to the sophisticated and anisotropic parameters distributed in the cloaking shell,
the overall thickness of cloaks is typically quite large. However, for a flow field in-
side a porous medium, we now demonstrate an ultrathin cloak design.
Our ultrathin cloak is based on the bilayer cloak design method instead of the

transformationmapping theory. In principle, the bilayer method is suitable for the
fields governed by the Laplace equation. It consists of an inner isotropic layerwith
a near-zero material parameter (such as the permeability in our case) and an
outer isotropic layer whose parameter is derived from solving the Laplace equa-
tion. This bilayer method is mature and has been applied to design cloaks in
various propagating fields, such as the magnetic field,25 thermal conduction,11

DC current,25 and particle diffusion systems.26 To reduce the thickness even
further, we use the outer wall of the hidden object as the inner layer of the bilayer
cloak due to its zero permeability and realize a single-layer design demon-
strated below.
We consider a two-dimensional (2D) flow inside a porousmedium,with a small

Reynolds number to satisfy a laminar flow: Re = r0u0R=m0 � 1, where r0 and
m0 are the fluid’s density and dynamic viscosity respectively, u0 is the uniform
background velocity, and R is a characteristic linear dimension (in our case it is
the thickness of cloak). The pressuredifference between the high-pressure region
with p = pH to the low-pressure region with p = pL produces a uniform back-
ground flow with velocity u0. Under these conditions, the Navier-Stokes equation
is reduced to the Brinkman-Stokes equation

mV2 u! = V
!
p+m0k

� 1 u! (Equation 1)

where m is the effective viscosity of the flow in the porous medium,27,28 k is the
permeability, and p is pressure. In the limit of the small permeability k � R2

1,
the term mV2 u! is much smaller than m0k

�1 u! and thus is negligible. Then the
Brinkman-Stokes equation is simplified into Darcy’s law:

V
!
p = m0k

� 1 u! (Equation 2)

The velocityfield u! is divergence free and the continuity equation for an incom-
pressible fluid is:

V
!

, u! = 0 (Equation 3)
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A B C Figure 1. Schematic of the designed cloak in the
porous medium domain (A) An impermeable
obstacle (r = R1) in the steady flow and streamlines in
the background are distorted. (B) The obstacle with
the cloaking shell (R1 < r < R2) (marked as the purple
circular shell), and streamlines in the background
remain parallel and uniform. (C) The curve represents
the ratio of permeability in the background and the
cloaking shell kII/kIII versus the thickness ratio R2/R1.
The orange star indicates the value of the cloak real-
ized in our experiments. The inset is the cloak with
uniform pressure contours, denoted as black
dashed lines.
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By substituting Equation 2 into Equation 3, the Darcy law can be transformed
into the form of the Laplace equation:

V , ðkV!pÞ = 0 (Equation 4)

With this Laplace equation, we can build a 2Dmodel of a cloak in porousmedium.
A cylindrical obstacle with the radius of R1 is placed in themiddle of the flow field
as illustrated in Figure 1A. A cloaking shell is designed to wrap the obstacle and
prevents it from disturbing the external flow field, making it invisible with respect
to the external flow. As demonstrated in Figure 1B, the entire space is divided into
three regions: I, the impermeable obstacle (0 < r < R1); II, the cloaking shell
(R1 < r < R2); and III, the background (r > R2). By solving the Laplace equation
(Equation 4) in each region, we obtain its analytical solution expressed as:

pi = Ai
0 + Bi

0lnr +
XN
m = 0

�
Ai
m sinðmqÞ + Bi

m cosðmqÞ�rm

+
XN
m = 0

�
Ci
m sinðmqÞ + Di

m cosðmqÞ�r�m

(Equation 5)

Here, i = I, II, III denotes the different regions; Ai
0, B

i
0, A

i
m , B

i
m , C

i
m , and Di

m are
corresponding coefficients whose values can be obtainedwith the boundary con-
ditions; and (r, q) refers to the spatial position in the polar coordinate system.With
boundary conditions and non-singular requirement in each region, we can derive
that m = 1 and Ai

1 = Ci
1 = Bi

0 = 0. Thus pi is reduced into:
A

B

C

D
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pi = Ai
0 +Bi

1rcosq+Di
1r

� 1cosq (Equation 6)

where pi denotes the pressure in region i.
Applying the boundary conditions that the pressure and velocity are continuous

at the interfaces of different regions and the normal velocity is zero at the surface
of the impermeable obstacle (i.e., kI = 0):

8>>>>>>>>><
>>>>>>>>>:

pIIIjr = R2
= pIIjr = R2

pIIjr = R2
= pIjr = R1

kIII
vp
vr

����
r = R2

= kII
vp
vr

����
r = R2

kII
vp
vr

����
r = R1

= kI
vp
vr

����
r = R1

= 0

(Equation 7)

Substituting the above equation into Equation 6, and taking into account that
pIII is equal to ðpH � pLÞrcosq, we obtain the analytic expression for our 2D cloak
as:

kII
kIII

=
R2
2 +R2

1

R2
2 � R2

1

=
ðR2=R1Þ2 + 1

ðR2=R1Þ2 � 1
(Equation 8)
Figure 2. The ultrathin cloak realized by the porous
medium (A) The structure of the ultrathin cloak
composed of a shell of free space and the background
medium of isotropic pillars. (B) Detailed view of the
cloak structure, in which the yellow color represents
the free-space shell (region II) with the thickness of
R2 � R1. (C) Plot of the normalized numerical velocity
changing with x in the case of cloak and only obstacle.
All the numerical velocities in the two cases are
normalized by the velocity at x = 0 in the case of cloak,
and x is the position of the velocity. The inset shows
the observation lines in the two cases. (D) The pres-
sure distribution at the observation lines. The inset
about the pressure curve indicates the zero-pressure
gradient in the cloaking shell. The positions of obser-
vation lines in the two cases are shown in the inset at
the top right.
The above cloak solution can be understood
from the following physical interpretation. An
obstacle in the flow field is impermeable to fluid,
and its permeability is thus zero. According to
Darcy’s law, streamlines will always bypass a re-
gion with zero permeability. In other words, the
obstacle “repels” the streamlines and an external
observer will observe this distortion of the flow
field and detect the obstacle’s existence. To
achieve invisibility, a region with a permeability
higher than the background that “attracts” the
www.cell.com/the-innovation
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Figure 3. Numerical and experimental validation of the ultrathin cloak in hydrodynamics (A–C) Parametric simulations of velocity fields with the required permeability in the bare
case (A), only obstacle (B), and the cloak (C). (D–F) Simulated velocity field in the bare case (D), only obstacle (E), and the cloak (F)with the porousmedium of isotropic pillars. (G–I) The
experimentally captured streamlines in the porous medium for the bare case (G), only obstacle (H), and the cloak case (I). (J) The fluorescence microscopy setup. (K) The PDMS
microfluidic device, and the inset shows the thickness of the free-space shell of 60 mmand the pillar-to-pillar spacing of 10 mm. (L) Comparison of the velocity between experiment and
simulation. The velocities in simulation are normalized by the numerical value at x = 0 in the case of cloak, and the velocity in experiment is normalized by the experimental value at x =
0 in the case of cloak. The device in the experiment is scaled down twice so that the simulation and experiment data can be collapsed in the same plot.
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streamlines is required that can cancel out the repelling effect of the obstacle.
Referring toEquation 8, the cloaking shell of region II is such a regionwith a higher
permeability than the background (i.e., kII > kIII). A proper geometric relationship
between the cloaking shell and the obstacle will cancel the distortion of the flow
field and yield a perfect cloaking or invisible effect.

Equation 8 represents an exact relation between permeability kII, kIII, and
the dimensionless ratio R2/R1 = s + 1, where s = (R2 � R1)/R1 is the dimen-
sionless cloak thickness. The dependence is shown in Figure 1C: kII/kIII
dramatically increases as R2/R1 approaches 1 or s approaches 0, indi-
cating that an ultrathin cloaking shell requires an extremely large kII/kIII.
However, this challenging requirement can be satisfied in a porous medium
as shown below.

In order to form the porous medium, we place pillars uniformly in the back-
ground region, and, by controlling the distance between pillars, its permeability
can be tailored. Based on the effective medium approximation, at a scale
much larger than pillar distance, such a porous medium can be regarded as ho-
mogeneous and isotropic with a constant effective permeability. For a
hydrodynamic flow, the permeability k and the porosity e follow the power law
of k � e3 29 for square arrays of identical pillars, and the porosity e is defined
as e = 4s2/pd2, in which d is the diameter of pillars and s is the center-to-center
spacing between two neighboring pillars, as shown in Figures 2A and 2B. For a
fixed diameter d, we can obtain the scaling k� s6. Clearly, k is extremely sensitive
to distance s, and a wide range of permeability can be achieved by simply chang-
ing the distance s for pillars with a fixed diameter.

Therefore, we can realize an ultrathin single-layer cloak with an unprece-
dented thickness: the cloaking shell is a thin layer of free space with an almost
negligible thickness relative to the obstacle size, 0.3%. Here, free space means a
ll
thin layer of space without pillars. It may seem that, if there is no pillar, the free
space is not a porous medium and its permeability is not well defined. However,
due to the thin cloaking shell and the boundary influence from the surrounding
porous medium, there is an effective permeability in this thin cloaking shell, as
calculated later. Thus, our cloak is designed as an ultrathin layer of free space
that encloses the solid obstacle and forms the region II ((R1 < r < R2)), which
has an effective permeability kII, and the pillars outside form the background re-
gion III ((r > R2)) with isotropic permeability kIII, as depicted in Figures 2A
and 2B.
As a specific demonstration of how to design the system, we fix the radius

of the center obstacle at R1 = 10 mm, the diameter of pillars at d = 400 mm, and
the thickness of the free-space shell at R2 � R1 = 30 mm, which is only 0.3%
of the obstacle radius R1 = 10 mm, and numerically change the pillar
spacing s as the only control parameter. According to Equation 8, we obtain
kII/kIII z 334, which is quite large and could be difficult to achieve in other ma-
terial properties. However, with the power-law relationship of the sixth power
k � s6 in a porous medium, the permeability kIII varies dramatically even with
a slight change in spacing s. With the numerical simulations of COMSOL Multi-
physics, we find the optimized spacing at s = 405 mm, which achieves the best
cloaking or invisibility effect. For comparison, the velocity and the pressure var-
iations with and without a cloak are shown in Figures 2C and 2D, respectively.
Without a cloak, the magnitude of velocity near the obstacle varies significantly,
while it remains quite stable with a cloak. The pressure variation also becomes
linear with a cloak, indicating a constant pressure gradient undisturbed by the
obstacle. Therefore, our ultrathin cloak achieves the invisibility function success-
fully and an external observer cannot observe the flow field distortion caused by
the obstacle.
The Innovation 3(4): 100263, July 12, 2022 3
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Figure 4. The numerical simulations of the 3D ultrathin hydrodynamic cloak (here R1 = 1 mm and R2 = 1.003 mm) (A–F) The streamlines (A) and the iso-pressure surface (B) are
straight with the 3D cloak, while they are significantly distorted near the object without the 3D cloak in (D) and (E). The 3D images with and without the 3D ultrathin cloak are shown in
(C) and (F). Since the thickness of the cloak is only 0.3% of the cloaked object, the size difference between (C) and (F) cannot be distinguished by the naked eye.
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EXPERIMENTAL REALIZATION
Three situations are compared to verify the cloaking performance of the ultra-

thin cloak: the bare casewithout obstacle and cloak (Figure 3A), the obstacle-only
casewith obstacle but no cloak (Figure 3B), and the cloak casewithboth obstacle
and cloak (Figure 3C). For the bare case, streamlines remain parallel and uniform
in all regions, since there is no disturbance at all. For the obstacle-only case, the
streamlines and the iso-pressure contours are significantly distorted and repelled
by the obstacle. For the cloak case, however, the streamlines and the iso-pressure
contour out of the cloaking shell become parallel again, as if the cloaked obstacle
is absent. Beyond these simple simulations of assuming uniform permeability in
each region in Figures 3A–3C, we further numerically construct the porous me-
dium and obtain similar simulation results in Figures 3D–3F.

We then experimentally realize the ultrathin cloak in microfluidic devices.
All the structural parameters of the three cases are scaled up twice for the
sake of fabrication and flow visualization. The devices are fabricated by
photolithography. First, a silicon wafer is coated by a layer of SU-8, an
epoxy-based negative photoresist, and then covered by the chromium
(Cr) photomasks with the pre-designed pattern. After UV light irradiation
and development, the pattern is etched into the SU-8 layer. Then, liquid pol-
ydimethylsiloxane (PDMS) fills the SU-8 pattern and hardens into a solid.
We peel off the PDMS and attach it to a glass slide, and the final microflui-
dic device is obtained (see Figure 3K). The dimensions of the microfluidic
devices are 8 cm 3 6 cm 3 10mm.

We further perform experiments inside these three devices and measure the
corresponding flow fields. Streamlines in each case are visualized by fluores-
cence microscopy. The working fluid is deionized water. Fluorescent particles,
poly (methyl methacrylate) (PMMA) particles (density r = 1.03 g/cm3) with the
radius of 2mmdyed with rhodamine B, are dispersed in water as tracers (Stokes
number St� 1) to visualize streamline of fluid flow. The volumetric concentra-
tion of fluorescent particles in water is 0.5 mL/mL, and the working fluid is in-
jected steadily into the microfluidic device by a syringe pump. The imaging pro-
cess is performed on the motorized microscope (Nikon TI-E), and the setup is
shown in Figure 3J. Recordings are made with a scientific complementary
metal-oxide-semiconductor (sCMOS) camera (Andor Zyla 4.2 PLUSUSB 3.0; An-
dor Technology, Northern Ireland).

The snapshots of streamlines for the three cases are given in
Figures 3G–3I. For the bare case with uniform pillars only, streamlines
are parallel and uniform throughout the device (Figure 3G). When the
obstacle is placed in the porous medium, streamlines are bent and
disturbed around the obstacle (Figure 3H). However, once the obstacle is
4 The Innovation 3(4): 100263, July 12, 2022
wrapped with the cloaking shell, the streamlines in the background become
parallel and uniform again (Figure 3I), similar to the bare case without
obstacle in Figure 3G (see Video S1 for more details). In addition, we
have experimentally measured the velocity distribution in different posi-
tions along x in the case of with and without a cloak. All the experimental
velocities are compared with the simulations of Figures 3D–3F, and the
two datasets agree with each other well, as shown in Figure 3L.
Therefore, we have successfully realized an ultrathin cloak with a dimension-

less thickness of 0.003, and in previous studies this value ranges from 0.02 to 1
or even larger. Our work thus sets a new record in the cloak thickness. Our hy-
drodynamic cloak in porous media could be useful in many applications. For
example, cells and protein fibers are distributed in the environment of the hu-
man body and many locations can to some extent be regarded as liquid flow
inside a porous medium. In some medical applications, we may want to put mi-
cro-devices inside the human body that make no disturbance to the body envi-
ronment: our ultrathin cloak might find applications in these fields.

EXTENSION TO 3D AND DISCUSSIONS
Our 2D or cylindrical design can further be extended to a three-dimensional

(3D) or spherical cloak. With a similar analysis, we can obtain the design param-
eter for permeability in 3D:

kII
kIII

=
2R3

2 +R3
1

2
�
R3
2 � R3

1

� (Equation 9)

Based on such design, we realize an ultrathin spherical cloak with thickness of
0.003 once again, as demonstrated in Figure 4. In the top row with the ultrathin
cloak, the velocity and pressure fields are straight lines outside the object; howev-
er, in the bottom row without the cloak, these field lines are significantly distorted
near the object. These simulation results clearly show that the ultrathin 3D cloak
can be realized by putting a thin gap with a very small but proper thickness be-
tween the object and the porous background, the same as our previous 2D re-
sults. Because the cloak is very small, the object with and without it looks very
similar, as demonstrated in Figures 4C and 4F.
Moreover, our ultrathin cloak design can extend to another metamaterial

design, concentrator, but not rotator. Because our ultrathin cloak design is based
on the bilayermethod instead of the transformationmapping theory, not all meta-
materials designed by transformation mapping16,30,31 can be realized by our
method. In particular, a rotator requires anisotropic parameters coming from
the coordinate transformation, which cannot be realized by our ultrathin method.
www.cell.com/the-innovation
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However, a concentrator can be designed with the bilayer method32 and thus is
suitable for our ultrathin technique. Therefore, both ultrathin cloak and concen-
trator in a porous medium can be fabricated with our method.

Since the hydrodynamic cloak proposed previously is effective in drag reduc-
tion,16 one may wonder whether the drag reduction is still valid for the ultrathin
cloak. To demonstrate it, we calculate the drag forces with and without the ultra-
thin cloak, in a system with the same dimensions and conditions as our experi-
ment. Our finite element analysis gives that, for the object without a cloak, the
drag force is 2.2 mN, while it is 1.3 mN with a cloak. Thus, the drag force is
reduced by 40% by our ultrathin cloak, which is not as good as the previous
study.16 However, considering the very thin thickness of our cloak, such a drag
is already quite effective.

CONCLUSION
To summarize, inside a porous medium, we have designed and realized the

thinnest shell-shaped cloak compared with all previous cloaks. Our cloak has a
simple structure, consisting of only a thin shell of free space with designated
thickness. The dimensionless thickness is only 0.003, which is about 10 times
smaller than the previous ultrathin thermal cloak and three orders of magnitude
smaller than the existing hydrodynamic cloaks. Although ultrathin, our cloak ex-
hibits excellent cloaking performance in the actual flow field. This ultrathin hydro-
dynamics cloakmay find potential applications inmicrofluidic devices or biomed-
ical applications, and the free-space design also suggests a new and simple
direction for cloak design.
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