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of chromatophores, which are pigmented 
organs. Light is reflected by the chro-
matophores, which consist of pigment-
containing sacs. By controlling the 
muscles attached to their surroundings, 
cephalopods such as squids can manipu-
late their skin’s transparency.[4–9] Inspired 
by the camouflage of cephalopods, there 
have been several studies of mimicking 
this ability.[5–9] Sun et al. reported a defor-
mation-controlled method to harness 
mechano-chromisms by using optical 
design.[5] Wang et  al. showed an electro-
mechano-chemical response of elastomers 
by using electric fields.[6] Yu et  al. dem-
onstrated the adaptive system inspired 
from cephalopods with thermochromic 

materials,[7] and Rossiter et al. used the actuation with dielectric 
elastomers to be used as an artificial muscle to modulate the 
transmittance.[8] Although they demonstrated possible appli-
cations for new types of display devices, complex fabrication 
schemes or mechanical signals would be needed. In particular, 
it is difficult to mimic the behavior of the muscles on the sacs 
in order to control the light absorbent area of the pigments 
within the sacs. Herein, we propose a simple method to manip-
ulate the light absorption area by moving pigments within 
asymmetric structures such as pyramids to change the trans-
parency. Magnetic nanoparticles are used as pigments to absorb 
light, and they move in the confined asymmetric medium. We 
exploited the refractive index matching of liquids and trans-
parent polymeric structures to avoid refraction at their inter-
face. We control the hysteresis of transparency (ON/OFF ratio) 
by manipulating the ratio of magnetic particles to the disperse 
media. Furthermore, we designed a structure for better On/
Off ratio and demonstrated this by using 3D printing methods. 
This function could be used for smart windows, which can 
tune the transmittance of the window.

Figure  1a is a schematic illustration explaining the mecha-
nism of the transparency change in the skin of squid. A squid 
has chromatophores containing melatonin pigments, which 
absorb light. When the pigments aggregate, the area of the trans-
parent region is increased. Conversely, when the pigments are 
spread out, the area that absorbs light is increased, and the skin 
is not transparent.[4] In a squid, a muscle contracts and promotes 
release of the pigment, causing the changes in the transparency 
and opacity of the skin. In the ideal case, the pigments should 
spread and condense in two dimensions. However, there are 
few reports to mimic this behavior. We use a 3D design to 
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Smart Windows

Many creatures, such as chameleons, insects, and cephalopods, 
are capable of adapting to their surroundings to protect 
or disguise their bodies.[1] A chameleon has the ability to 
change color for camouflage or communication by actively 
tuning the structural medium or multilayers to generate light 
interference.[2,3] To be inspired from the camouflage of the 
animals, Whitesides et al. proposed a concept of fabricating soft 
machines from microfluidic devices to generate camouflaged 
colors by pumping colored fluids into the microfluidic chan-
nels.[1] Bao et al. extended the idea of color change for an elec-
tronic skin by combining this change with tactile sensing.[2] 
Recently, cephalopods have received attention for the functions 
that allow disguise.[4] They can alter their transparency as well 
as control colors. This occurs through the action of thousands  
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control the area in which light is absorbed by the pigment by 
magnetic field, as shown in Figure 1b. To realize this concept, 
we design and fabricate structures of pyramid arrays and then 
filled them with a liquid dispersed by magnetic particles. When 
a magnetic field was applied in the direction of the apexes of 
the pyramids, the magnetic particles aggregated in a small area 
of light absorption; however, when the magnetic field is not 
applied or is applied to the bottom of the pyramids, the mag-
netic particles dispersed or moved toward the bottom of the 
pyramids, then the area of light absorption is increased, thus, 
the total area becomes dark.

Based on the idea of exploiting 3D structures, here we dem-
onstrate the concept of controlling the light absorption area, as 
shown in Figure  2. First, we fabricated 3D master patterns by 
using stereolithographic 3D printing methods. We use a com-
mercial 3D printer (LITHO, Illuminade Co., Ltd.), in which pro-
gramed 3D patterns are generated by digital light processing with 
a lamp power of 190 W, and the exposure dose of 8–12 W m−2. 
Designed 3D structures by a software (3DS Max) can be 
converted to many 2D patterns for 3D printing. We use the UV 
curable resin provided by the 3D printer company (LITHO, Illu-
minade Co., Ltd.). After preparing the master patterns by the 3D 
printer, we replicate the negative patterns using polydimethyl-
siloxane (PDMS). To release the PDMS from the master mold, 
first, we treat the master by fluorinated self-assembled mon-
olayer on the surface to form an antisticking surface. Then, we 
poured the mixture of PDMS prepolymer and curing agent (10:1 
ratio) onto the master, followed by thermal crosslinking at 60 °C 
for more than 4 h. The detached PDMS patterns had the shape 
of an inverse pyramid. Figure S1 in the Supporting Information 
shows the detail experimental procedure. Figure 2a illustrates the 
process wherein we placed the PDMS onto a paper printing uni-
versity logo. Although the PDMS was transparent enough, the  
surface was opaque because of the refraction on the interface 
of the pyramidal structures. To remove the scattering effect,  
we filled it with liquid of the same refractive index as PDMS 
(1.41). In this experiment, we used a mixture (0.485:0.515) of poly
ethylene glycol (PEG) and isopropyl alcohol (IPA) to match the  
refractive index. After matching the refractive index, the PDMS pat-
tern covered with a liquid was transparent without any refraction,  

as shown in Figure  2b. To absorb the light, we prepared iron 
oxide (III) (Fe2O3) nanoparticles with an average particle size of 
50 nm or less or purchased from Sigma-Aldrich and dispersed 
in the refractive index–matched liquid. When the nanoparticle-
dispersed liquid is filled into the void of the PDMS, as shown 
in Figure 2c, the entire area was opaque due to the light absorp-
tion by the magnetic nanoparticles. When the magnetic field 
was applied in the upper direction, as shown in Figure 2d, the 
magnetic nanoparticles aggregated in the apex area, and the 
light absorbing area was reduced. Thus, the transparent area was 
increased.

To control the hysteresis of the transparency and opacity, 
we controlled the concentration of magnetic particles that 
were dispersed in the refractive index–matched liquid. As 
shown in Figure  3a, incident light can be transmitted, even 
in the dispersed state (OFF state), when the concentration of 
magnetic particles is 0.05 weight (wt)%. Although the trans-
mittance was high when the magnetic field was applied (ON 
state), the transmittance difference is not sufficient to be 
distinguished. When we increased the concentration of mag-
netic nanoparticles to 0.5  wt%, the window became dark 
in the OFF state, and the transmittance was high enough to 
see the university logo through the window in the ON state 
(Figure  3b). When the concentration of magnetic particles 
was too high (2 wt%), however, the transmittance in the ON 
state could be reduced. For the quantitative study, we meas-
ured luminance of display panel through the films filled with 
magnetic nanoparticles by using a commercial luminance 
light digital meter (Sunche, hs1010A) as shown in Figure 3b. 
To analyze the experimental data, we used a simple model for 
the transmittance in the ON/OFF state depending on the con-
centration of magnetic particles. In the ON state, the transmit-
tance (TON) can be derived as

− 





T x
L

~1ON

2

	 (1)

where x is the width of the bottom of the pyramid consisting 
of magnetic particles and L is the width of the bottom of the 
pyramidal structures (Figure S2, Supporting Information). We 
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Figure 1.  a) A schematic illustration representing the mechanism of the transparency change of squid skin. b) A 3D design to control light absorption 
area by pigment.
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assumed that the magnetic particles can absorb incident light 
completely when the magnetic particles are gathered in the 
apex of the pyramids. The volume ratio of the magnetic parti-
cles is (x/L)3. When we convert the volume ratio to the weight 
ratio r, the relation is as follows

ρ 





=
x
L

r
3

	 (2)

where ρ is the packing density of the magnetic particles. Then, 
we can obtain the relation between the transmittance and 
the weight ratio (r) of the magnetic particles

~ 1ON
2/3T Ar− 	 (3)

where A corresponds to (1/ρ)2/3. In the OFF state, the 
transmittance can be predicted by the Beer–Lambert law[10]

expOFFT αδ( )= − 	 (4)

where α is the absorption coefficient and δ is the thickness of 
the absorbent. When we assume the particles are lying on the 
bottom side in small thickness uniformly, and the volume of 
the thickness is the same with the volume gathered into the 
apex region, we can derive the relation as below

δ δ
ρ

= = 











L x h h x
L

H x
L
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3

,
3

~
3

~
3

2 2
2 3
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Figure 2.  Schematic illustrations and images a) when a PDMS pyramidal array is placed on a university logo printed in a paper, b) the PDMS array is 
filled by a refractive index–matched liquid, c) magnetic particles are dispersed in the refractive index–matched liquid, and d) magnetic particles move 
to the apex area of the pyramidal structures. Scale bars represent 1 cm.
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where H is the height of the prism. When we combine 
Equations (4) and (5), the transmittance in off state can be given by

expOFFT Br( )= − 	 (6)

where B =  αH/3ρ. Because there was a light leak during the 
measurement (Figure  S4, Supporting Information), we set to 
10% as the minimum transmittance in the model, in case the 
calculated transmittance is smaller than 10%. We note that the 
calculated transmittance when the weight ratio is 0.5 wt% is 
0.13 and it is invisible as shown in Figure  3a. The maximum 
point of Figure  3b is due to the minimum setting. From the 
fitting of the model in Figure 3b, we obtained the packing den-
sity of nanoparticles (ρ = 0.0283) and the absorption coefficient 
(α  =  17 mm−1). It means the nanoparticles are not closely 
packed even when they are attracted to the apex area by the 
magnetic field because the nanoparticles are surrounded by 
the fluid mixture (PEG and IPA). For example, we can estimate 
the volumetric ratio of light absorption by magnetic particles to 
35.3% when the weight ratio is only 1%. Also, we can estimate 
the thickness of the nanoparticles (1.5 µm) to reduce the trans-
mittance to 0.5 (B  = 0.3 and r  = 1 in Equation  (6)) from the 
absorption coefficient, which is another effect of low packing 
density of nanoparticles. It takes 1 min to be ON state during 

applying a magnetic field and several seconds to be dispersed 
with a slight agitation with the magnet. When we use larger 
particles of carbonyl iron powder (3–10  µm, Chemical Store 
Inc., USA), the response time became faster (a few seconds).

For better performance of ON/OFF ratio, we tuned the struc-
tures. To increase the luminance in the ON state, we designed 
hopper-like structures by a graphic software, as shown in 
Figure  4a and Figure  S3 in the Supporting Information. In 
comparison with the pyramidal structures, the absorption area 
can be reduced to πr2, which is the area of circular structures. 
Instead, we made pillar structures to collect the nanoparticles 
within a small area. To demonstrate this concept, we fabricated 
the hopper structures using a 3D printing method. In our exper-
iment, we used a stereolithographic 3D printer that can produce 
structures with high resolution. Figure 4b shows an image of a 
hopper array fabricated by a 3D printer. After replica molding, 
we can obtain an inversed structure with PDMS, as shown in 
Figure  4c. Figure  4d,e shows the side schematic comparison 
of the ON/OFF states with pyramidal structures and hopper 
structures. In the ON state, Figure  4e with top-shaped pillar 
structures can be filled with the magnetic nanoparticles in the 
pillar. The experimental results in Figure  4f,g for the two dif-
ferent structures show when the magnetic field was applied (ON 
state), the university logo and name of the hopper structures 
in Figure  4g can be seen more clearly than pyramidal struc-
tures of Figure 4f because the hopper structures can reduce the 
light-screening area. The transmittance of the hopper array is 
50% higher than that of the pyramidal structure (weight ratio:  
0.5 wt%) as shown in Figure S5 in the Supporting Information.

It is notable to compare our method to conventional methods. 
Smart windows can change transmission of radiation in the 
solar spectrum and they have received much attention due to 
the possibility of reduction of energy consumption.[11–14] In the 
smart windows, there are two categories. One is the passive 
methods using photochromic and thermochromic methods. In 
this case, the transparency can be automatically controllable but 
it is impossible to manipulate by manual. The other is active 
methods using electric signals. In this case, smart windows can 
be fabricated with electrochromic materials or liquid crystals and 
suspended particles.[14] Our method is similar to the suspended 
particles devices (SPDs). However, in our method, we exploit the 
guide of the movement of suspended particles within direction-
ally guided void arrays, which is totally different with SPD using 
alignment of particles in the solvent. Recently, there have been 
several reports to use magnetic field to tune the surface mor-
phology, however, the movement of the magnetic nanoparticles 
within the refractive index–matched fluid is convenient to con-
trol without the refraction caused by the microstructures.[15,16]

In summary, we proposed a squid-inspired method for a 
smart window. By directional guidance of magnetic field by 
asymmetric structures, we could manipulate the light absorp-
tion area with magnetic field. Furthermore, we designed the 
more efficient structures for maximizing the ON/OFF ratio. 
The structures can be adapted for future display devices.

Experimental Section
Preparation of Polymeric Structures: The pyramidal structures 

were designed by a computer aided design (CAD) program and the 
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Figure 3.  a) Transparency of films incorporating magnetic nanoparticles 
in different weight percent of nanoparticles. We place the film on a screen 
of a display panel. ON and OFF states mean that there is applying mag-
netic field or not. Scale bars represent 1 cm. b) A graph showing ON/
OFF ratios from the experimental data of the luminance measurement 
by a commercial light meter and TON/TOff derived in a supposed model.
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polymeric structures were fabricated by mechanical machining or 
stereolithographic 3D printing (Illuminade). After preparing masters, a 
liquid mixture of PDMS prepolymer with curing agent was poured onto 
the master. The mixing ratio was 10:1. After crosslinking for 4 h, the 
PDMS structure was detached from the master by a peeling method.

Magnetic Particles Dispersed in Refractive Index Matching Liquid: 
Iron oxide (III) (Fe2O3) nanoparticles with an average particle size of 
50  nm or less were purchased from Sigma-Aldrich. Refractive index 
matching liquid was prepared by mixing IPA and PEG (PEG molecular 
weight = 300, Sigma Aldrich) with a ratio of 0.485:0.515 and the refractive 
index was tuned to 1.41, which was that of PDMS. After adding magnetic 
nanoparticles in the liquid, ultra-sonication was done for the dispersion.

Switching Transmittance by Magnetic Field: When the magnetic 
particles were attracted to the bottom, the absorption area was increased. 
A neodymium magnet (N42, surface magnetic field = 3605 Gauss) was 
placed to drag the magnetic nanoparticles. When the magnetic particles 
were gathered in apex area, the absorption area became small then it 
could be transparent. To compare the performance of smart windows, 
the luminance was measured by a photodetector (Tasi-8721) through 
the films. In addition, a window tint meter (AT-173, Guangzhou Amittari 
Instruments Co., Ltd.) was used to measure the transmittance.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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