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ABSTRACT

In our current world, active display technology creates a glut of energy demand to meet its illumina-
tion needs. This demand can be stymied by using reflective display technologies that require no active
illumination, with some examples including: electronic paper using electrophoretic motion of ink parti-
cles, electrowetting of water/oil droplets, and interferometric modulators, all of which have been com-
mercialized. However, due to the lack of active light sources, it is difficult to implement these reflective
display technologies in low light environments (e.g. nighttime display). In this work, we report an experi-
mental observation of multiple concentric circular rainbows from reflective microscale concave interfaces
(MClIs), which are introduced by the reflection of optical rays within a polymer-embedded microsphere.
Exit rays from a single edge and opposite edges will introduce completely different interference mech-
anisms depending on the illumination and observation conditions, which will result in different angle-
dependent colors. By clarifying the mechanism behind this coloration phenomenon, as well as quantita-
tively mapping the generated color, the implementation of the MCI in smart signs and pixelated displays
are demonstrated, showing angle-dependent color-changing reflected images that can be observed over
a wide spatial angle range. This structural material will serve as a building block for the development
of new platforms for light-matter interactions, on-chip sensors, anti-counterfeiting tools, and passive and
smart color reflective displays. Intriguingly, we also demonstrate a smart MCI traffic sign for both visible
and infrared wavelengths that will introduce extra signals for pattern and image recognition in order to
enhance the safety of future autopilot/autonomous systems.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

tive displays that rely on external light sources stand out because
of their low energy consumption (e.g. e-paper, electronic-wetting

Display technology, as one of the most important branches of
optoelectronics associated with modern life (e.g. televisions, smart
phones, smart watches and glasses), has opened up huge markets
along the way (e.g. electronic-paper [1-3], three-dimensional dis-
plays [4], virtual and augmented reality applications [5], electronic-
skin display [6], etc.). However, as electronic/optoelectronic de-
vices become more ubiquitous within our daily life, so too does
the need to reduce the energy consumption of these devices, es-
pecially within display technologies. For instance, passive reflec-
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[2] and MEMS interferometer displays [3]), especially when there
is plenty of ambient light (such as sun light during the day). How-
ever, displays under low-light environments (e.g. nighttime out-
door display) still require active light emitting devices (e.g. LED
displays), for example, nighttime advertisements and illuminated
billboards on commercial streets and highways. In recent decades,
global modernization and urbanization processes have increased
the levels of ambient light pollution, enabling the use of nighttime
satellite imagery to characterize the amount of regional develop-
ment [7]. However, the increase in light pollution has also led to
harmful impacts on ecosystems [8] and has even been affiliated
with the spread of viruses [9] and cancers [10]. Therefore, a smart,
passive display technology especially for nighttime use is essential
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for offsetting this ambient light pollution and its associated neg-
ative impacts on society. This article will report a new multiple
concentric rainbow reflection from microscale concave interfaces
(MClIs). By clarifying this new coloration mechanism and integrat-
ing these new structures with display components, we demon-
strated a new reflective color display which is particularly useful
in nighttime smart traffic signs and billboards on highways, reflec-
tive safety vests, anti-counterfeiting labels, entertainment toys, etc.

Recently, a total internal reflection (TIR) interference mecha-
nism introduced by MCIs was proposed [11] and enabled new op-
tical microscopic imaging technologies [12]. However, it was be-
lieved that the incorporation of this new color creation mecha-
nism into large scale displays and sensors is exciting but chal-
lenging to achieve [13]. Independently, a similar, but large-scale
structure was realized by partially embedding a monolayer array
of polymer microspheres into a transparent tape [14]. This struc-
ture was responsible for generating iridescent and vivid retroreflec-
tive colors, which was utilized as the building block for smart traf-
fic signs [14,15]. Although both pioneering works [11,14] attributed
the coloration mechanism to TIR (different from rainbow in nature
[16,17]), neither work was able to definitively prove the exact na-
ture of the color generation, which is essential for a color display
application. In order to explain the physics of this reflective struc-
tural coloration strategy [11-15], it is necessary to introduce the
key results reported by the pioneering works first.

Within Ref. [11], a multi-bouncing TIR model was proposed
to explain the generated color (Fig. S1a in Section S1). When a
beam of collimated light enters the microdroplets, it will experi-
ence many reflections within the droplet, due to the concave struc-
ture of the bottom surface. Furthermore, the beam will be split
into different components, which will bounce a number of times,
m, within the concave structure. Due to the different optical paths
for m = 2, 3, 4 ..., an interference spectrum will be formed be-
cause of the constructive and destructive interference experienced
by the beam components. Using this hypothesis, the TIR-induced
spectral interference patterns were modeled analytically using ray
optics and classical interference equations. In order to realize the
color that is a result of a given spectrum, these interference pat-
terns were then converted into a point on the Commission Interna-
tionale de I’Eclairage (CIE) color chart. However, colorimetric infor-
mation does not have a one-to-one correspondence with the spec-
tral feature of light. The same color found on the CIE chart can
be a result of two totally different spectra (a concept known as
metamerism [18]). Therefore, the utilization of the modeled color
to definitively characterize the given sample should not be re-
garded as conclusive. On the other hand, within Ref. [14], a direct
measurement of the reflected spectrum was obtained, but did not
agree well with the multiple ray interference coupled from a sin-
gle side of the microscale concave structure proposed by Ref. [11].
Instead, this work attributed the new color creation to thin-film
interference introduced by an air gap between the microspheres
and adhesive polyacrylate (i.e., the tape) interface (Fig. S1b in Sec-
tion S1) [14]. However, the extracted air gap within the range of
~100 nm was not clearly observed in the microscopic characteri-
zation. Therefore, both reported mechanisms should be considered
incomplete or inaccurate. In this work, we will begin by presenting
a systematic experimental investigation to reveal the unambiguous
complete mechanism for the colored reflection from the new MCIL

2. Results and discussion

Fig. 1A shows our experimental setup: A hetero-interface MCI
sample with 10 pm polystyrene (PS) microspheres partially em-
bedded in a tape substrate (Fig. 1B, see Methods for fabrication de-
tails of the MCI structure) was illuminated by a collimated beam
through an optical diaphragm. The reflection from the illuminated

Applied Materials Today 24 (2021) 101146

spot can be directly observed on a white board. As shown in
Fig. 1C, when the distance between the MCI sample and the white
board, h, was set at 2.0 cm, a colorful reflection was observed un-
der the normal incidence. Intriguingly, when h was tuned to longer
distances (see Supporting Video S1), a clear, multiple concentric
rainbow pattern was observed (e.g. at 20.0 cm in Fig. 1D observed
at an oblique angle). This unique rainbow ring pattern in the re-
flection side was not disclosed in the previous two pioneering
works [11,14] and can provide an unambiguous explanation to the
physics of this coloration phenomenon. To reveal the actual spec-
tral feature of this multiple rainbow pattern (Fig. 1E observed at
the normal direction at a distance of 30 cm), we then employed a
fiber-based spectrometer to measure the angle dependent spectra.
The spectrometer was pointed towards the center of the concentric
rainbow pattern. For instance, raw data at five different angles are
plotted in Fig. 1F (i.e., see arrows 1-5 in Fig. 1E, at output angles
between 5.0° and 8.0°) and their corresponding colors in the CIE
chart were plotted in Fig. 1G. The key question is whether these
measured spectra and colors can be explained using recently pro-
posed optical theory (e.g. [11] or [14]). If not, what was missing in
previously reported works?

To begin with, we used a ray optics simulation software (Ray
Optics module within COMSOL Multiphysics) to model the far-field
feature of the reflected light. It should be noted that it is chal-
lenging to analyze the interference phenomenon using full wave
methods since accurate modeling of TIR requires smooth surface
of these microspheres. Considering the refractive indices of the
tape (n = 1.47) and the PS microsphere (ns = 1.60 [19] in our
hetero-interface MCI structure, the optical path under the colli-
mated normal incidence condition is remarkably clean: only m = 2
and m = 3 are allowed in this hetero-tape/PS MCI structure (see
details in Sec. S2 in the supplementary information). Higher or-
der bouncing rays cannot be coupled into the sphere under nor-
mal incidence due to the deflection of the incident rays at the
tape/sphere interface (see details in Sec. S3). Therefore, the refrac-
tive index distribution is one of the major differences compared
with the homo-interface concave structure reported by Ref. [11].
In particular, the hetero-interface MCI structure is much easier to
clarify the mechanism than the homo-interface structure that can
support many higher orders bouncing rays. Another major differ-
ence is that Ref. [11] and its follow up work [20] mainly explained
the interference coloration mechanism under a large incident angle
(e.g. 40° to 50°). However, some experimental results under normal
incidence were also provided in [11]. The important angle depen-
dence of the proposed MCI structure was neglected (in Section S4,
we show a detailed analysis of experimental data reported in the
main text of Ref. [11] to reveal the inconsistency between the ex-
perimental observation and its proposed theory). As will be eluci-
dated in this work, the multi-bouncing TIR picture is not an exclu-
sive mechanism in this MCI structure. The interference mechanism
will change significantly under different incident angles.

Angle dependence: As shown in Fig. 2A, under the normal inci-
dence condition, the spatial angle ranges of the output rays with
m = 2 and m = 3 are plotted by solid curves (using the modeling
procedure outlined in Section S2, see Fig. S2b). Due to the geo-
metric symmetry, the normal incident rays can enter the sphere
from either right or left edges and propagate along the concave
sphere/air interface via TIR along the clockwise or anti-clockwise
directions, respectively (the range of their output angles 6 are plot-
ted in Fig. 2A). The reflected light intensity in the far field is calcu-
lated by the superposition of different rays with the same output
angle 6 (using Eqs. S1 and S2 in Section S2). Intriguingly, in this
hetero-MCI structure, there exist two major superposition mecha-
nisms for output rays. In the yellow shaded region in Fig. 2A (i.e.
+39.7° to £54.1°), there are only two exit rays from the same side
of the sphere (i.e, m = 2 and m = 3 indicated by the same col-
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Fig. 1. Far-field concentric rainbows from the MCI. (A) The experimental setup that allows for the concentric rainbow rings to be observed. A collimated white-light source
is placed directly behind, and in the center of a white board, and illuminates the MCI sample. A spectrometer is employed to record several spectra at different angles. (B)
SEM image of the embedded 10 pm microspheres within the sticky polyacrylate tape (scale bar = 20 um). (C,D) Multiple concentric rainbow rings are observed by varying
the MCI-white board distance, h at (C) 2 cm, and (D) 20 cm, respectively. (E) At a distance of h = 30 cm, the spectra of five separate points among the rings were measured
using a fiber-based spectrometer (labeled 1-5 along the black axis). (F) The corresponding raw spectral data from the previously measured positions in (E). (G) The CIE
points of the numbered measurement locations of (E).
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Fig. 2. Interference mechanism and reflective spectra of the MCI structure. (A) Modeled output angle ranges of the reflected rays experiencing different amounts of TIR. The
solid curves represent the modeled angle ranges of the rays in the following cases: blue/red curve for clockwise/anti-clockwise propagating ray with m = 2, and green/black
curve for clockwise/anti-clockwise propagating ray with m = 3. (B,C) Modeled trajectories of the light rays with an output angle of (B) 8 = 45°, and (C) 15°, respectively. (D)
Measured angular spectra of the 10 pm PS MCI sample in the far field (normalized by the incident light spectrum). (E-F) Simulated interference patterns in the far field by
considering (E) the angle-dependent interference, and (F) the multi-bouncing interference method, respectively. (G) Modeled colors based on the measured raw spectra and
modeled ones in (D-F) by considering the incident light spectrum. The measured and complete angle-dependent model spectra show colors being formed in a repetitive
band, while the multi-bouncing model colors gradually change as the angle increases (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.).
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ored curves). For instance, when 6=45° (as marked by the rectan-
gles in Fig. 2A), only two optical paths can exist as shown by the
ray tracing modeling results in Fig. 2B. This is the multi-bouncing
TIR superposition proposed by Ref. [11]. According to the major ex-
perimental results reported in Refs. [11] and [20], the vivid col-
ors were mostly observed under the incident angle of 40° to 50°.
However, in the smaller output angle region (i.e., the blue shaded
region between +39.7°), the output rays from both sides of the
sphere should be considered. For instance, at #=15° three rays ex-
ist as marked by the solid circles in Fig. 2A. Among these three
rays shown in Fig. 2C, two of them both experience TIR twice, but
enter and escape the sphere from the opposite edge (i.e., m = 2,
see the left and central panels in Fig. 2C). They will also interfere
with each other under given conditions. However, in Ref. [11], the
underlying physical phenomenon that gave rise to the colors was
attributed to the first mechanism only. The key assumption was
described as: “this light exists at a distance farther than the coher-
ent length of white light from the light propagating in the other
direction”. Ref. [11] claimed that they “do not expect interference
between these two sets of trajectories”. In other words, the super-
position of exit rays from opposite edges of the sphere was ex-
cluded, which, unfortunately, misinterpreted the spatial coherent
length of the light source. Next, we analyze the actual interference
mechanism of the observed multiple concentric rainbows.

A complete angle-dependent interference mechanism: In order to
determine if interference between two rays exiting the sphere at
opposing edges is possible, the spatial coherent area of the light
source is considered (i.e., AA ~ @) [21], which is determined by
the distance between the light source and the MCI structure (Lp),
the mean wavelength of the incident light (A), and the emitting
area of the light source (i.e., the opening area, S, of the diaphragm
in Fig. 1A). One can see that it is not a fixed value when experi-
mental conditions are tuned. For the white light sources used in
our far-field experiment (i.e., a halogen lamp and a laser-driven
white light), the transverse coherent length is at least 95~144 pm
(Section S5), which is larger than the diameter of spheres used in
Refs. [11,14,20]. Therefore, the interference between two rays that
exit the sphere on opposite edges cannot be ignored, especially un-
der the illumination of a white light source of a microscope in the
far-field [11] (see experimental characterization details in a micro-
scope system in Section S5). Next, we will present experimental
evidence to demonstrate this complete angle-dependent superpo-
sition by considering both interference mechanisms (i.e., the ray
interference from opposite edges of the sphere and the multi-
bouncing mechanism from a single side of the sphere). Specifically,
we will analyze this phenomenon by comparing the spectral fea-
ture and spatial patterns, respectively.

Spectral features: Since the one-to-one correspondence between
the spectral feature and the observed color was missing in Ref.
[11], we will begin by characterizing the angle-dependent re-
flectance spectra within an angular range of 3" to 20° (8 spec-
tra at selected angles are plotted in Fig. 2D). The corresponding
spectra using complete angle-dependent interference and the ex-
clusive multi-bouncing TIR interference are plotted in Fig. 2E and
F, respectively. It is obvious that in the angle range from 5° to 19°
the major feature of the measured spectra agreed well with those
shown in Fig. 2E. In contrast, the modeled spectra that utilizes the
multi-bouncing TIR interference mechanism [11] (Fig. 2F) did not
show close correlation with the measured spectra. Therefore, the
interference of two rays exiting from opposite edges of the sphere
is a key component among the combined mechanisms in this
small angle range. The measured and modeled angle-dependent
reflectance spectra are then converted into colors that are percep-
tible to the human eye, and plotted in Fig. 2G. One can see that
the multiple rainbow pattern can be reproduced only when the
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complete angle-dependent interference is considered, which is sig-
nificantly different from the one produced by the exclusive multi-
bouncing TIR interference picture. It should be noted that although
one can see clear similarity between the measured spectra and the
modeled ones, the color is still different (since the measured spec-
tra are results of combined rays from symmetric positions on the
ring, multi-bouncing TIR interference and the grating diffraction),
further demonstrating that the direct color comparison cannot be
used to definitively explain the resulting structural coloration phe-
nomenon.

Spatial features: Ref. [11] claimed that if the dimension of the
microsphere is sufficiently large, one should be able to exclude
the interference that occurs between two rays from the opposite
edges of the sphere and therefore observe the multi-bouncing TIR
interference pattern exclusively. However, according to the doublet
experimental estimation in Section S5, the spatial coherent areas
of light sources can be much larger than microspheres used in
Refs. [11,14,20]. The multi-bouncing interference is not an exclu-
sive mechanism in this MCI. As shown in Section S6, we first em-
ployed two white light sources to illuminate the 10 um PS sam-
ple and observed nearly identical multiple rainbow patterns (Fig.
S8a) that can be reproduced with modeling by using our proposed
complete angle-dependent interference mechanism (Fig. 2E). More
importantly, the assumption made within Ref. [11] can easily be
broken when lasers with long coherent lengths are employed in
the experiment. As shown in Figs. S8b-S8d, we used three lasers
as the incident light source and measured the monochromatic re-
flection patterns that were produced by our MCIs. Intriguingly,
these measured patterns agree well with the modeled patterns
that use the complete angle-dependent interference mechanism. It
is these monochromatic rings that result in the multi-concentric
rainbow rings observed under white light illumination. Therefore,
the multi-bouncing TIR picture proposed by Ref. [11] is not the ex-
clusive mechanism for these 10 pm PS MCI samples.

In order to reveal the relationship between the spatial co-
herent length of the light source and the sphere size, we fabri-
cated a new hetero-interface MCI structure using larger PS micro-
spheres (42 nm) partially embedded in the tape (Fig. 3A). Due to
the identical refractive index distribution, ray tracing modeling re-
vealed that TIR bouncing was only possible with modes of m = 2,
and m = 3. Here, we first illuminated the MCI with a coherent
laser while changing the sample-board distance, h (see Support-
ing Video S2 for an experimental demo under the illumination of
a laser at 405 nm, and an example observed at a distance of 32
cm in the upper half panel in Fig. 3B): as h increases, high fre-
quency rings can be observed on top of the low frequency rings.
These combined high-and-low frequency spatial patterns can also
be observed under the illumination of other visible lasers (see up-
per half panels in Fig. 3C,D for lasers at 534 nm and 632 nm, re-
spectively, at a distance of 32 cm). To interpret this mechanism,
we employed the multi-bouncing TIR picture to model the spa-
tial beam patterns in Fig. 3E-G, showing the low frequency pattern
only. One can see that this mechanism cannot explain the high fre-
quency multi-ring pattern observed in our experiment. When we
further considered the interference of rays from the opposite edges
of the sphere in the modeling (as shown in the lower half pan-
els in Fig. 3B-D), the high frequency rings on top of the low fre-
quency patterns were obtained, agreeing very well with the mea-
sured data in the upper half panels. Therefore, both mechanisms
(i.e., the complete angle dependent interference) are responsible
for this intriguing observation, which is different from both the
‘exclusive’ single-sided multi-bouncing TIR interference mechanism
proposed by Refs. [11] and [20], and the air gap interference mech-
anism proposed by Ref. [14].

Next, we employed a partially coherent light source (e.g. a
laser-driven white light source) to illuminate the MCI sample and
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Fig. 3. Spatial patterns of the MCIL. (A) SEM image of the embedded 42 pm microspheres within the sticky polyacrylate tape (scale bar = 40 pum). (B-D) Upper panels:
Measured reflected patterns at a distance h=32 cm when illuminated with a laser at a wavelength of (B) 405 nm, (C) 534 nm, and (D) 632 nm. Lower panels: Modeled
patterns that consider the complete angle-dependent superposition. (E-G) Modeled patterns that utilize the multi-bouncing TIR superposition only at wavelengths of (E)
405 nm, (F) 534 nm, and (G) 632 nm, respectively. Scale bars in Fig. 4(B-G) indicate 3 cm. (H,I) Photos of the reflected pattern at a distance of (H) h = 32 cm and
(I) h = 9.5 cm, respectively, when illuminated by a laser-driven white light source. (J) Measured grey-scale images of reflected patterns at a distance of 9.5 cm when

illuminated by narrow band wavelengths at 470 nm, 570 nm and 670 nm, respectively.

observed a similar multi-ring pattern at a distance of h = 32.0 cm
(Fig. 3H). However, when the distance was adjusted, and the sam-
ple brought closer to the board, the high frequency rings became
invisible (as shown in Fig. 31, when h = 9.5 cm). Instead, a blurred
single rainbow was observed, which is similar to the results re-
ported in Refs. [11,20]. However, this observation still cannot rule
out the interference of rays from opposite edges of the sphere.
There are two possibilities responsible for the disappearance of
the high-frequency rainbow (Section S7): i.e., the spatial feature is
not resolvable at this distance, and/or the spatial coherent length
of the incident light is smaller than the microsphere (i.e., the ex-
clusive multi-bouncing mechanism reported by Ref. [11]). Since all
monochromatic rings overlap with each other under white light il-
lumination, it is necessary to reveal the actual underlying physics
using narrow band incident light.

Considering the analytical equation of the spatial coherent area

232
(i.e., AA~ %). one can finely tune the spatial coherent length of

the incident light by controlling A. As shown by the left panel in
Fig. 3], the central wavelength of the incident light is tuned by a
liquid crystal filter with a bandwidth of ~ 7 nm from 470 nm (the
top panel), to 670 nm (the bottom panel), corresponding to a co-
herent length very similar to the microsphere (i.e. 42 pm). Specif-
ically, one can see the low-frequency pattern only at the wave-
length of 470 nm as shown by the top panel in Fig. 3]. According to
the numerical modeling, the spatial feature of the high-frequency
pattern is ~ 1.33 mm at this distance of h = 9.5 cm, which is re-
solvable by naked eyes (Fig. S9). Therefore, the disappearance of
the interference pattern under the illumination of the less coherent
light source can be safely attributed to the insufficient spatial co-
herent length at the incident wavelength of 470 nm. On the other
hand, one can see high-frequency features when the filter is tuned
to 670 nm (i.e. the bottom panel in Fig. 3]). Remarkably, the angle
range of these high-frequency patterns is up to ~ 39.0°, agreeing
well with the theoretical prediction in Fig. 2A. Therefore, careful

manipulation of the spatial coherent length of the light source, mi-
crosphere dimension and illumination/observation angles can re-
sult in different interference phenomena in the reflected light, cor-
responding to different color changing features from a given MCI
structure. For instance, under the illumination at large incident
angles of 40°-50° (e.g. Refs. [11] and [20]), the exclusive multi-
bouncing mechanism is possible when the incident light cannot
be coupled into the sphere from both edges simultaneously, which
is not due to an insufficient spatial coherent length. On the other
hand, when considering the rapid color flickering phenomenon ob-
served in large scale passive “smart” traffic signs in the far-field
reported by Ref. [14], the spatial coherent length of a car’s head-
lights is much greater than the diameter of the microsphere used
[> 250 pm, with Lp = 100 m (See Section S5)], which means that
the spatial interference introduced by rays at opposite edges of the
sphere is the major color generation mechanism.

To show the angle dependence in different spatial angle ranges,
here we observed the real MCI sample (made by 10 pm PS spheres)
and its mirror image simultaneously, as shown in Fig. 4A (see ex-
perimental details in Sec. S8). A white light source is used to il-
luminate the sample near the normal direction at a distance of
~0.74 m. The observation angle, 6, is tuned from ~3° to ~16°
to capture the reflection image of the MCI sample (Fig. 4B). The
corresponding observation angle of its mirror image, o is from
~16° to 28°. Intriguingly, the color of the real sample changes fre-
quently within the small observation angle range (the lower panel
in Fig. 4B), while the mirror image color stays relatively consistent
in the relatively large observation angle range (the upper panel in
Fig. 4B). The red, green and blue (RGB) pixel data of these im-
ages was extracted in order to plot color points in the CIE chart
(Fig. 4C). One can see that the real sample observed within 3° to
~16° covers a wider color range in the CIE chart. In order to quan-
titatively measure the color change of the MCI sample, we plot-
ted the angle-dependent Euclidean distances (a parameter used to
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Fig. 4. Direct observation of the angle dependent reflection of the MCI pixel array. (A) Schematic illustration of the mirror image setup (not to the actual scale). As the
observation angle increases, the color of the MCI changes. (B) Reflection images of the MCI sample at 6 of 3°~16" with corresponding mirror images at « of 16°~28". (C)
The angle-dependent CIE points of the MCI sample (red spheres) and its mirror image (yellow spheres). (D) The angle-dependent Euclidean distances of the real sample
and its mirror images [ie., E = \/(Rl - Rz)2 + (G — Gz)2 + (By — Bz)z, here R, G, B represent the values of Red, Green and Blue codes, respectively] (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.).

quantify color differences [22]) of the real sample and its mirror
image, which are shown in Fig. 4D. According to the standard set
by the CIE in 1976 [22], when the Euclidean distance, E, between
2 color points, is below 1, the color change is imperceptible to the
human eye. When the value is between 2 and 10 (i.e., 16°~28° re-
gion for the mirror sample, see the gray shaded region in Fig. 4D),
the color change becomes barely visible. One can see that most
Euclidean distances of the real images are larger than those of the
mirror images. In particular, the smallest E is ~2.45 for the mir-
ror image at a~25° (see the two images highlighted by the dot-
ted square in Fig. 4B and the arrow in Fig. 4D). At higher values
(the rainbow shaded region in Fig. 4D), the difference becomes
more striking with larger E. This quantitative color analysis of the
MCI sample validates the unique angle dependence of its reflec-
tion feature. Building upon this accurate understanding of the new
coloration mechanism from these MCI structures, we will demon-
strate the reflective display concept by introducing actively tunable
actuators.

Actively tunable reflective displays: To realize color changing dis-
plays, one will need active strategies to change the reflection con-
ditions of MCI pixels and arrays. For instance, dielectric elastomer
actuators (DEA) have been developed using electroactive polymers
with promising applications for advanced mechanical systems and
robotics [23-25]. Here we first integrated the MCI structure with
a DEA pixel (Fig. 5A, see fabrication details of a portable DEA sys-
tem in Sec. S9a). As shown in Fig. 5B, the shape of the DEA can be
tuned to control the reflection angle, resulting in actively tunable
colors for the MCI under a fixed white light illumination. More-
over, MCIs are particularly suitable for large scale pixelated reflec-
tive displays. For instance, the flip-disc or flip-dot display is an
electromechanical matrix technology developed for large signs (e.g.
outdoor traffic and advertisement boards) under external light il-
lumination. By integrating the MCIs onto the pixels of this large-
scale display, color changing information will be enabled under di-
rectional illumination and at varying observation angles. As illus-
trated in Fig. 5C, we manually tuned the pixel array to demon-
strate this simple colorful display concept using a white light un-
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Fig. 5. Actively tunable MCI displays. (A) Photos of a DEA device with tunable
shapes. (B) Photos of the tunable color from the MCI on a DEA under a fixed white
light illumination (at a normal incident angle and an observation angle of ~3°).
(C,D) A demo of a manually tunable pixel array display observed at the observation
angle of (C) ~3°, and (D) 12°, respectively, under the illumination of a normal in-
cident white light. (E) Integration with a 7 x 4 flip-dot module (ALFAZETA ®) for
colorful display demos.

der normal incidence. Supporting Video S3 shows the color chang-
ing pattern at different observation angles. In particular, when the
observation angle was changed to ~12°, the colors changed sig-
nificantly as shown in Fig. 5D. Intriguingly, by integrating the MCI
structures with a commercial 7 x 4 flip-dot module (see details
in Sec. S9b), different patterns can easily be controlled via algo-
rithms (Fig. 5E). Under room light illumination, one can see that
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Fig. 6. Visible and IR reflective signs under different light illumination conditions. (a) Proposed implementation of MCI in LiDAR technology for simultaneous visible and IR
imaging and pattern recognition. (b) A 3 x 3 block of PS microsphere samples with various diameters (4, 5, and 6 pm in top row, 7, 8, and 10 pm in middle row, and 15, 22,
and 39 pm on the bottom row). The observation distance is 20 cm. (c) Experimental setup used to demonstrate effectiveness of the MCI signs for indoor LIDAR application.
(d) Simultaneous visible, IR and distance mapping images observed by the LiDAR camera at the normal direction and the distance of ~0.37 m. (e) Corresponding visible and
IR images of the MCI sign observed at three different angles of 5°, 20° and 35°, respectively (For interpretation of the references to color in this figure, the reader is referred

to the web version of this article.).

the module shows black-and-white information only. In particular,
all elements on each pixel can still be seen clearly when they are
off (i.e., black patterns in the left row in Fig. 5E). In contrast, in
the low light illumination condition at the normal direction, vivid
color information was obtained in the reflection side, demonstrat-
ing a new reflective display for darkrooms and nighttime outdoor
applications (the right row in Fig. 5E, see more display examples
in Supporting Video S4, and Fig. S11). The black patterns were less
observable due to the dark background, resulting in a dark-field
color pattern with a visibly better contrast than the one observed
under room light illumination. Furthermore, this concept is fully
amenable to digital micromirror devices [26,27] and is promising
to create new microscale reflective display applications to address
current challenges faced by autopilot/autonomous systems.

Smart signs for LIDAR systems: In Ref. [7], various large scales
patterns were developed for smart nighttime traffic signs. When
the traffic sign was illuminated by the headlight of a moving car,
the slowly moving passengers observed a rapid color change with
no active electronic control circuits (i.e. iridescence). In contrast,
the driver in the car saw a stable sign since the observer (i.e., the
driver) and the headlight move together (i.e. retroreflection). Here
we will further demonstrate an application by combining these
two phenomena from the visible to near infrared regimes for fu-
ture autopilot/autonomous applications. As illustrated in Fig. 6a,
current autopilot systems mainly rely on LIDAR systems to image
the surrounding environment, and recognize traffic situations us-
ing infrared (IR) lasers. However, IR sensing/imaging cannot accu-
rately recognize traffic signs. The mainstream solution is to use vis-
ible CCD cameras combined with artificial intelligence algorithms
for visual pattern recognition and classification. Unfortunately, this

combined solution is suffering from robust physical-world attacks
[28,29]: for instance, when a regular STOP sign was perturbed with
a predesigned mask, the algorithms interpreted this sign to be a
speed limit sign of 45 miles/hour [30], which can cause the vehicle
to crash. Recently, we have witnessed many traffic accidents due
to the weakness of current LIDARs in autopilot systems [31-33].
The major issue is that conventional traffic signs contain limited
information for visual classification. This technical challenge can be
largely addressed by the MCI patterns since the concentric multi-
ring phenomenon can be observed in both visible (Figs. 1 and 3)
and IR regimes (Fig. S12). Intriguingly, in this autopilot applica-
tion, the retroreflection and iridescent features of the MCI struc-
ture can introduce a unique two-fold benefit: i.e. the IR laser of
the LIDAR system will enable the angle-independent retroreflection
response, while the visible imaging portion that relies on external
light sources will experience an angle-dependent color changing
signal that allows for visible pattern recognition.

As shown in Fig. 6b, a 3 x 3 square array using 9 different PS
spheres with diameters ranging from 5 to 42 pm were fabricated,
as labeled on each unit. Under a fixed white light illumination (e.g.
illuminated by a streetlight at a fixed angle) and a changing obser-
vation angle (i.e. the driver’s view), one can observe vivid color-
ful patterns from these 9 units. As an example, when one concen-
trates on the 10 ym PS MCI sample, the color changes from pur-
ple to blue and green as the observation angle changes within the
range of 0° to 35" (Fig. 6b). When illuminated by a single wave-
length from the car (as is the case with a LIDAR camera), the IR
imaging condition is very different from the visible one: i.e. the
illumination source and the camera will move together, provid-
ing for a stable, retroreflective signal to be observed. Therefore,
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the simultaneous iridescence and retroreflection feature enabled
by the MCI structure can introduce a new signal that can be in-
tegrated with future reflective signs with extra signals/information
for emerging autopilot and robotic systems. As illustrated in Fig. 6c,
we fabricated a STOP sign using 7 pm (top and bottom parts) and
15 pum PS spheres (the central letters), and employed a commer-
cial high-resolution LIDAR camera for indoor distance characteri-
zation to capture the image of the test sign. In this experiment,
we employed a portable white light source to illuminate the test
sign to mimic an aligned streetlight for traffic signs. As the obser-
vation angle of the LIDAR camera changes (i.e. the LIDAR camera is
moving with the car), one can obtain visible, IR and distance map-
ping simultaneously (see Fig. 6d for three images at the normal di-
rection, and Supporting Video S5 for visible, IR and distance map-
ping videos captured simultaneously at a distance of ~0.37 m by
the LIDAR camera). Intriguingly, the IR reflection intensities of the
MCI pattern under the illumination of a laser with a wavelength of
860 nm are obviously stronger than the background paper (see the
central panel of Fig. 6d), indicating that the MCI structure can be
used as the building block for future signs designed for IR imag-
ing and pattern recognition. One can see that the color of the MCI
sign changes with different observation angles (Fig. 6e), which is
in stark contrast of the standard retroreflective signs (e.g. traffic
signs). On the other hand, Fig. 6d shows that the LIDAR camera can
clearly recognize the MCI sign with the IR camera, and build the
appropriate depth map (right panel in Fig. 6d). Importantly, due to
the retroreflective feature of the MCI reported in our earlier work
[14] (i.e. the incident angle and the observation angle are moving
together), the IR image shows a strong and stable pattern at dif-
ferent angles (~5° in the left panel, ~20° in the middle panel, and
~35° in the right panel of Fig. 6e). Therefore, the pattern recogni-
tion can be significantly improved due to the simultaneous visible
color change, and stable IR image.

3. Conclusion

In conclusion, the actual optical interference mechanism of the
MCI structure is clarified with systematic experimental characteri-
zation and numerical modeling. It was revealed that different inter-
ference mechanisms exist in the reflection from the MCI structure
with different angle dependence features. In particular, the output
beams from opposite edges of the microsphere structure will inter-
fere with each other and result in a high-frequency multiple rain-
bow ring pattern in the far-field, which is the key mechanism of
the new coloration microstructure but was neglected by previous
works. The concentric interference ring patterns were analyzed and
validated using coherent and semi-coherent light sources. Build-
ing upon these remarkable colorful patterns, the application of ac-
tively tunable reflective displays was demonstrated using DEA and
flip-disc concepts, which have the potential to deliver color chang-
ing visible patterns under the illumination of weak external broad-
band light sources. Intriguingly, we also demonstrated a poten-
tial application with the integration of our MCI structure and in-
frared imaging in the form of LIDAR depth mapping. The dual vis-
ible color changing and infrared stability can potentially improve
the traffic recognition capabilities of current autopilot and au-
tonomous driving systems. The implementation of this large-scale
MCI holds promising new avenues for future traffic safety signs,
optical sensing platforms, anti-counterfeiting tags, advanced cam-
eras [34], light emitting devices [35], display technologies [36] and
robotic vision [37].

4. Methods

MCI fabrication: We followed the manufacturing process re-
ported in Ref. [14] to fabricate large scale MCI structures: A mono-
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layer of closely packed PS microspheres was first assembled on a
substrate using colloidal assembly methods [38]. The homogenous
microsphere solution is placed into a beaker, and the excess so-
lution is boiled off on a hotplate at 100 °C for 15 min. The mi-
crosphere particles are transferred onto a thin slice of PDMS, and
remain unordered. A second piece of PDMS is used to rub the
spheres, creating an ordered monolayer on the bottom PDMS layer.
Once a sufficient monolayer is formed, a transparent piece of tape
is placed on top of the spheres, sticky side down. Then, the mi-
crosphere array was transferred onto the sticky side of a trans-
parent tape by pressing the tape onto the microsphere array and
subsequently peeling the microspheres off the substrate with the
tape. After applying a controlled pressure on the tape, the micro-
spheres can be pushed into the tape layer and form the MCI shown
in Figs. 1B and 3A.

Optical characterization: A laser-driven white light source (EQ99-
XFC, ENERGETIQ ®) was employed to illuminate the MCI sample in
Fig. 1. The reflection spectra were characterized using a fiber-based
spectrometer (Ocean Optics Inc Jaz). Three lasers were used to ob-
tain the far field reflection patterns of the MCI structure, with aver-
age powers of 10 mW for 405 nm, 34 mW for 534 nm, and 3 mW
for 632 nm. Refractive indices of the tape were measured using a
digital refractometer (Reichert Brix/RI-Check Refractometer).

The coherent length of both the laser-driven white light source,
and halogen lamp (Olympus U-LH100L), was measured on an in-
verted optical microscope (Olympus IX-81). Two doublets with
varying edge-to-edge distances (94 pm and 144 pm) were fabri-
cated using focused-ion-beam (FIB, Carl Zeiss Auriga CrossBeam)
milling on 300 nm thick silver that was deposited onto a glass
slide via electron-beam evaporation (Kurt J. Lesker PRO Line PVD
75). A liquid crystal tunable filter (CRI Varispec VIS2-07) was used
to illuminate the doublets at a specific wavelength for further char-
acterization. All pictures were recorded using a Hamamatsu digital
camera (C8484-03G02).

For the NIR ring characterizations, an 808 nm laser (ADR-1805
laser diode T7-Type) was used to illuminate the 10 pm PS sample.
A black and white CCD camera (Point Grey CCD camera; model:
CMLN-13S2M-CS) was used to observe the NIR rings. When imag-
ing the 3 x 3 PS array, and stop sign, a commercial indoor LiDAR
camera (Intel® RealSense™ LiDAR Camera L515) was used [39].
The white light used in this experiment was a handheld flashlight
(Fenix E12).

Numerical modeling: Ray tracing modeling was performed us-
ing the Ray Optics Module of COMSOL Multiphysics ®. In this
work, the MCI structure was illuminated by normal incident rays.
The properties of each output ray, including the propagation direc-
tion, intensity, phase, wavefront curvature, and the escaping point
from the tape to air, can be determined using ray tracing simula-
tion. If the reflected light pattern is observed at far distance (i.e.,
much larger than the diameter of the sphere), the far-field distri-
bution can be calculated. Based on results of the output ray pa-
rameters from the ray tracing simulation, the spectral and spa-
tial characteristics of the reflected field in Figs. 2 and 3 were
modeled by considering the interference of exit rays propagating
along the same directions. An example of the calculation algo-
rithm package is available online for readers to further validate
the proposed theoretical procedure: https://github.com/nabla2020/
multiple_concentric_rainbow
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