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Abstract
This paper describes how two-photon polymerization was used to generate biomimetic nanostructures with angle-insensitive 
coloration inspired by the blue butterflies of Morpho. Less angle dependence was achieved by engineering the structures with 
a certain degree of disorder, which delimited them from classical photonic crystals. Variations in the processing parameters 
enabled the color hue to be controlled. In this context, blue, green, yellow, and brown structures were demonstrated. Reflec-
tion spectra of the structures were simulated and studied experimentally in a broad range of incident angles. Additionally, a 
molding technique was performed as a potential scale-up strategy. The application of such biomimetic structures is discussed.
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1 Introduction

Structural colors in nature result from interference, dif-
fraction, or scattering of light. These colors can often be 
observed in animals and plants using them, for example, for 
camouflage [1], warning signals [2], or intraspecific sexual 
communication [3] to ensure the survival of the species. 
Therefore, the organisms use sophisticated micro- or nanom-
eter surface structures on their epidermis [4–6]. The mor-
phology of such biological surfaces is highly complex, and 
depending on the species, they can strongly differ. A good 
overview of the broad diversity of biological photonic sur-
face structures can be found in the literature [7, 8]. Further-
more, the photonic systems of many species often exhibit 
disorder characteristics [5, 9], which can be attributed to 
single structural impurities or a complex spatial distribu-
tion of the structures and their periodicity on the organ-
isms’ surfaces. In this context, the disorder characteristics 

can cause extraordinary optical effects, e.g., the ultrawhite 
color of the Cyphochilus [10], the ultrablack color of the 
Bitis gabonica [11, 12], and the iridescent green color of the 
Chrysina gloriosa [13], because not only one but multiple 
physical mechanisms participate in the color formation. The 
most famous organisms producing structural coloration with 
unique optical properties though are probably the blue but-
terflies from the genus Morpho. Their intense coloration is 
primarily to appear highly attractive since its color appears 
less angle dependent to an observer than in conventional 
optical diffraction gratings [5, 14–18].

Ordered periodic nanostructures with a certain degree of 
the disorder can be produced by self-organization processes, 
such as self-assembly of colloidal particles [19] or laser-
induced periodic surface structures (LIPSS) [20]. However, 
more flexible methods are required to mimic the complex 
surface structures of Morpho. For example, e-beam lithog-
raphy [21–24], laser interference lithography [22], and mul-
tilayer deposition [25, 26] have been applied most recently. 
However, these methods are limited concerning the structure 
geometry produced since a vacuum atmosphere, or specific 
exposure masks are required for structuring. Therefore, the 
modification of structures is often associated with much 
effort. Consequently, true threedimensional (3D) structur-
ing with ultrahigh spatial resolution might be beneficial in 
this case. Two-photon polymerization (2PP) provides this 
capability. Thus, structural colors inspired by nature could 
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already be produced [27–30]. Arbitrary high resolution, 3D 
microstructures can be generated in a photosensitive mate-
rial without specific exposure masks and vacuum [31, 32]. 
Therefore, compared to the techniques mentioned above, 
2PP can be highly attractive not only for engineering but 
also for biology, as structural geometries can be easily modi-
fied to produce different photonic blueprints to analyze their 
effects on the optical properties and the color hue.

Two-photon polymerization was used to generate bio-
mimetic surface structures inspired by the blue Morpho 
butterflies, including specific disorder characteristics. The 
artificial structures provided the same blue coloration and 
the same optical properties as the organisms. To replicate 
the nanoscaled features of these Morpho butterflies, we 
apply a specific polymerization method since the resolu-
tion of a conventional 2PP structuring process is too low. 
Furthermore, different colors were created by modifying the 
biomimetic surface structures using different average laser 
powers for 2PP. The morphology of all of these structures 
and their resulting optical properties were analyzed using 
scanning electron microscopy (SEM), light microscopy, and 

angle-resolved spectroscopy. Analytical calculations support 
the experimental results. Moreover, a potential application 
for anticounterfeiting and a method for scaling up using a 
soft-molding technique, are presented herein.

2  Results

2.1  Surface structures of the blue Morpho 
butterflies and their biomimicry using 2PP

The metallic blue color of many butterflies of the genus 
Morpho appears on the upper side of their four wings. The 
origin of the wing coloration in this genus is due to the cover 
scales on the wings, on which specific structures, referred 
to as ridges, can be identified (see Fig. 1a). The ridges also 
have lamellar substructures so that the surface morphology 
of a single wing scale is characterized by sophisticated, hier-
archical micro- and nanostructures of chitin (n = 1.56) [14].

The primary physical mechanism for the formation of 
the blue color is based on multilayer interference. However, 

Fig. 1.  Surface structures of M. didius and method for its biomim-
icry with 2PP. a Blue structural coloration arises on the upper wing 
structure of M. didius due to multilayer systems with disorder char-
acteristics. So-called ridges form the multilayer system with lamel-
lar substructures on the structured scale surfaces. b The interference 
assisted polymerization method for 2PP is performed in a thin-film of 

a photosensitive material. Here, substructures inside the cross-section 
of a polymer line arise from interference. These substructures form 
a multilayer system consisting of polymer and air, comparable to the 
lamellar Morpho ridges. c Illustration of the biomimetic photonic 
structure with modified cross-section. The biomimetic structures are 
aligned with each other to create a structural color for a specific area
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the color appears to be angle-insensitive to an observer in 
an angle range of ± 15° [15], which in turn, does not match 
the optical properties of a conventional multilayer system. 
Here, the unique optical properties of these Morpho butter-
flies’ wings are mostly due to disorder characteristics in the 
biological photonic system. Often, for instance, the ridges 
are of different heights of up to 400 nm [14, 16, 33, 34], 
promoting the reflection of blue coloration [16]. In addi-
tion, the distance of individual lamellas are often not uni-
form because many of the ridges are tilted and distorted (see 
Fig. 1a). Therefore, inhomogeneity can be identified inside 
the multilayer systems, which significantly influences the 
angle-insensitivity of the observed coloration [16, 34, 35]. 
Moreover, the wing coloration of the blue Morpho butterflies 
is supported by so-called ground scales. These scales consist 
of melanin and absorb the transmitted light [36].

Mimicking the sophisticated photonic system of the blue 
Morpho butterflies with 2PP requires the application of a 
specific polymerization method. Otherwise, the resolution of 
the conventional 2PP process is too low [37]. In this context, 
the interference-assisted polymerization method, according 
to Mills et al. [38] and Liu et al. [39], proves to be particu-
larly suitable, where 2PP is performed in a photosensitive 
thin film. Hence, a part of the incident laser radiation is 
reflected at the outer interface of the photosensitive material, 
which can interfere with the incident laser beam provided 
that the laser’s coherence length is not exceeded [40]. As a 
result, a standing wave-like electromagnetic field is gener-
ated, modulating the cross-sectional geometry of a polymer-
ized volume depending on the average laser power and the 
wavelength of the laser radiation [39]. Thus, polymer lines 
produced in this way can be used to build a multilayer sys-
tem of polymer and air similar to the lamellar ridges of the 
blue Morpho butterflies (see Fig. 1b).

2.2  Fabrication of artificial structural colors

Experiments were performed with the conventional 2PP 
system, Photonic Professional GT2 (Nanoscribe GmbH, 
Karlsruhe, Germany). The laser emits ultrashort pulses 
approximately 100 fs with a central wavelength of 780 nm 
and a repetition rate of 80 MHz. Its coherence length can be 
calculated to approximately lc = 30 µm [40] assuming a spec-
tral width of the emitted laser radiation of 20 nm. Addition-
ally, the device has a 63 × microscope objective (NA = 1.4 
with immersion oil, Zeiss, Oberkochen, Germany) to focus 
the laser radiation.

The interference-assisted 2PP method was performed 
layer by layer over the entire layer thickness of the photo-
sensitive material. Each layer was polymerized with the use 
of an integrated galvo scanner deflecting the laser beam in 
the specific structural geometry produced. Afterwards, the 
high-precision axis system of Photonic Professional GT2 

was used to adjust an axial offset between the individual 
layers, which was 200 nm continuously for all experiments. 
A mechanical axis system enables the manufacturing of mul-
tiple structures on a cover glass.

Thin-film layers of photosensitive material were previ-
ously prepared by spin coating using the organicinorganic 
hybrid polymer Femtobond 4B (Laser Zentrum Hannover 
e.V., Hannover, Germany, n = 1.51). Here, the aim was to 
create a thickness of 1 µm, which correlated with the aver-
age height of the blue Morpho butterflies’ ridges [15]. To 
produce such a thin layer, the Femtobond 4B had to be ini-
tially diluted with 2-propanol in a ratio of 1:3. Afterwards, 
the spin coating (SP150, SPSEurope, Putten, Netherlands) 
was conducted at a rotational speed of 1000 rpm for 60 s. 
The resulting film thickness was measured with a white light 
interferometer (TMS 1200, Polytec, Waldbronn, Germany). 
For this purpose, the thin films were previously polymer-
ized by a super high-pressure mercury lamp (HB-10103AF, 
Nikon, Düsseldorf, Germany) for 24 h.

To mimic the lamellar ridges of the blue Morpho but-
terflies and modify the biomimetic multilayer systems, we 
used different average laser powers to produce the struc-
tures presented in Fig. 1c. Single structures have a width of 
about WM = 4 µm, and a length of about LM = 11 µm. The 
parameters XM and YM define the exposure paths for each 
layer. The distance between the horizontally illustrated lines 
is YM = 1 µm. For the generation of a rectangular colored 
surface (A = 2  mm2) with high color intensity, individual 
structures were arranged compactly with a lateral distance 
of 800 nm. The manufacturing time was 12 h using a galvo 
scanner velocity of 1.4 mm/s. After finishing the polym-
erization process, the samples were rinsed for 30 min in 
2-propanol.

The images presented in Fig. 2 clearly show the success-
ful production of a blue, green, yellow and brown coloration. 
The color formation can be attributed to the multilayer sys-
tem formed within the cross-sections of the individual lines 
(see SEM images in Fig. 2) since fully polymerized Femto-
bond 4B is generally transparent [30]. Furthermore, diffrac-
tion, as well-known from optical gratings, can be excluded 
as the origin of the colors, as proven by our previous work. 
In this work, we showed that varying the distance between 
individual polymer lines only affects the color intensity [30]. 
For color imaging, the structured areas were aligned pla-
nar on a sample holder below a light microscope (Eclipse 
LV 100 N, Nikon, Düsseldorf, Germany). Illumination was 
performed with an objective (5×, NA = 0.15, Nikon, Düs-
seldorf, Germany) at an angle of 0°, referring to the surface 
normal of the sample. Images were recorded at the same 
angle by an integrated camera (DS-Fi2, Nikon, Düsseldorf, 
Germany). A detailed overview of the average laser power 
values (Pa) used and the resulting average layer thicknesses 
of Femtobond 4B (d1) and air (d2) is given in Table 1. The 
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values d1 and d2 were examined using ten polymer lines 
from five individual microstructures with the SEM (EVO 
MA 15, Zeiss, Jena, Germany). The disorder amount (dis. 
amt.) refers to the standard deviation.

The multilayer systems of the structures, which reflected 
the light in blue and green, were built from four layers of 
Femtobond 4B and four layers of air. In contrast, the mul-
tilayer systems corresponding to the yellow color were 
increased while the multilayer systems corresponding to 
the brown color were decreased by one layer of Femtobond 
4B and air. The varying numbers of the multilayers can be 
attributed to the fluctuation of the photopolymer layer’s 
thickness due to the limitation of the spin coater. Neverthe-
less, the color was not influenced by this difference, since the 
quantity of layers in a conventional multilayer system only 
influences the amount of reflection [16].

The different composition of the multilayer systems was 
due to the different average laser power values used for 

structuring. The subfeatures in the cross-section of the line 
structures reflecting the color in blue were, consequently, the 
most obvious, as the lowest average laser power was used for 
their production (see Fig. 2c). Furthermore, disorder charac-
teristics could be identified within these structures. Several 
polymer lines were not aligned entirely perpendicular to 
the cover glass surface but exhibited a tilt of up to 10° (see 
Supplementary file). Additionally, similar to the lamellas of 
Morpho, the individual layer thicknesses of Femtobond 4B 
varied, and, therefore, the thickness of the air cavities also 
differed (see Supplementary file and Table 1 for values). 
These disorder characteristics were mainly caused by the 
low degree of polymerization [41] and the fluctuation of the 
average power of an ultrashort pulse laser [37, 42–44], since 
2PP was performed near the polymerization threshold. In 
addition, impurities in the photosensitive material can also 
be attributed to the formation of the disorder characteristics.

Furthermore, the polymer lines showed slight height 
differences to each other (see Supplementary file), which 
can be explained by the low shrinkage properties of Fem-
tobond 4B during the development process. These disorder 
characteristics can also be identified for the structures of 
the green-colored surface but to a lower degree due to the 
higher average laser power used for their production. Con-
sequently, a further increase in the average laser power led 
to the successive reduction of the disorder characteristics. 
Therefore, the multilayer systems of the yellow and brown 
colored areas did not possess these properties, or they were 
so small that their dimensions could not be measured with 
the SEM. The impact of the disorder characteristics on the 
optical properties of the structural colors is analyzed in the 
following section.

Fig. 2.  Artificial structural colors resulted from biomimetic. a–h 
Illustration of blue, green, yellow, and brown structural color with 
corresponding SEM images of the multilayer systems produced. The 

multilayer systems differ due to the different average laser power 
used. The average laser power values and the examined size of single 
polymer layers and air cavities are provided in Table 1

Table 1.   Fabrication parameters for the production of individual 
structural color and the resulting layer dimensions of Femtobond 4B 
and air cavities

Pa, d1, d2 refer to the average laser power used, the average thickness 
of a single polymer layer, and the average size of a single air cavity. 
Furthermore, the percentage amount of the variation of those dimen-
sions referred to as disorder amount (dis. amt.) was examined with a 
SEM

Color Pa [mW] d1 [nm] dis. amt. [%] d2 [nm] dis. amt. [%]

Blue 10 85 15 110 25
Green 12 100 10 100 18
Yellow 16 140 0 20 0
Brown 19 170 0 5 0
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2.3  Optical properties of artificial structural colors

The optical properties of the structural colors presented 
in Fig. 2 were measured by angle-resolved spectroscopy 
using a self-built spectrometer. The set-up is shown in 
Zyla et al. [29]. Our colored surface was illuminated by 
a white light source (DH-2000-BAL, Ocean Optics Inc., 
Dunedin, Florida, United States) using a glass fiber (diam-
eter = 200 µm) at an angle of 45° referred to the surface 
normal of the structured area. The white light was focused 
by a condenser lens mounted on the glass fiber exit to a 
minimum diameter of 1 mm determined on the sample sur-
face. The reflected radiation was captured by an opposite 
glass fiber of the same diameter and finally analyzed by a 
spectrometer (Ocean Optics Inc., Dunedin, FL, USA). The 
detector position or the position of the glass fiber, which 
detects the reflected light, could be varied in the angular 
range between 30° and 60°, referring to the surface normal 
of the sample. The spectra were recorded with the software 
Spectra  Suite® (Ocean Optics Inc, Dunedin, FL, USA). 
Further spectra processing included the dark noise sub-
traction, normalization of the spectra on the illumination 
source spectrum, smoothing with Savitzky-Golay [45], and 
normalization on the area of the spectra using  MATLAB®.

Furthermore, analytical calculations were run with 
 MATLAB® using the respective layer thicknesses of the 
multilayer systems (see Table  1) to support our state-
ment that the color formation contributes to multilayer 
interference. The analytical calculations were based on 
the Fresnel equations, which describe the proportional 
reflection and transmission of an electromagnetic plane 
wave reaching an interface between two loss-free dielectric 
media. The transfer-matrix method enables the calcula-
tion of this process to any number of layers N with N + 1 
interfaces [46, 47]. Within the N layers, this resulted in 
a formation of incoming (+) and outgoing (−) electro-
magnetic plane waves. Therefore, the amplitude values 
of the electric field can be determined at any interface i 
between layer i − 1 and layer i within a multilayer system 
as described by Eq. 1 [47]. The amplitudes of the respec-
tive plane waves below the interface are marked with a line 
in the exponent. The values ρ(i−1,i) and τ(i−1,i) refer to the 
reflection and transmission coefficient of the respective 
layers and can be calculated from the Fresnel equations 
[46, 47]. Furthermore, the electromagnetic plane wave and 
the interface were infinitely extended so that diffraction 
effects were neglected:
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The propagation of a plane wave through the layers i − 1 
can be described by Eq. 2 [47]:

The complete description of the multilayer reflection is 
given by the transfer matrix, M = D0

∏N
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P
i
D

i,i+1 , which 
is calculated from the product of the individual transition 
and propagation matrices for the total number of layers 
(i = 1,2,…,N) with N + 1 interfaces [47]. Here, a multilayer 
system of the size N + 2, assumes N intermediate layers and 
two half-spaces for the description of the media outside the 
multilayer system, which, in our case, is air (n = 1). There-
fore, the vector of the resulting amplitude values can be cal-
culated by Eq. 3:

Finally, the reflectance, R, of a thin-film or multilayer sys-
tem using unpolarized light is defined by Eq. 4. For this pur-
pose, the mean value for the individual degrees of reflection 
was calculated from the perpendicular and parallel polari-
zation direction of the electric field, taking into account 
the respective reflection and transmission coefficients from 
established Fresnel equations. The roughness of the surface 
was neglected:

The results of the spectral measurements for each colored 
surface are shown in Fig. 3a, b. Additionally, the graphs 
are supplemented by the results from the analytical model 
highlighted in red. For the calculations, an angle of inci-
dence of the plane waves on the multilayer systems of 45° 
was defined. The calculated spectral response refers to the 
corresponding angle of reflection. To describe the multi-
layer systems, the estimated values from Table  1 were 
applied, including the respective disorder characteristics. A 
total number of N = 8 alternating layers of Femtobond 4B 
(n = 1.51) and air (n = 1) was assumed. This number was 
increased to N = 10, and reduced to N = 6, Only for the cal-
culation of the spectrum of the yellow and the brown color, 
respectively (see Fig. 2g, h).

Analytical results were compared with the spectral 
measurements where the angle of the incident was equal 
to the angle of reflection (45°). In this context, Fig. 3a 
illustrates that the color formation of blue and green was 
attributed mostly to multilayer interference. Notably, the 
analytical result for the green color matched the spectral 
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measurement. In contrast, the blue color’s analytical result 
varied slightly from the measured spectrum since the 
model does not take into account all imperfections, e.g., 
the surface roughness of the generated structure. Moreo-
ver, every incident plane wave of different wavelength had 
the same amount of intensity in our analytical calculation, 
which did not correspond to reality. For example, conven-
tional white light sources emit violet light only with low 
intensity. Therefore, the reflection intensity is decreased 
in the measured spectra in this wavelength range. Never-
theless, the dimensions of the multilayer system listed in 
Table 1, including its disorder characteristics are accept-
able since the analytical model also matches the spectra 
for yellow and brown (see Fig. 3b). However, the optical 
properties differ between Fig. 3a, b considering the other 
detection angles of the spectral measurements. While the 
blue and green color have angle-insensitive optical prop-
erties in a range of 30°, this is not the case for yellow 
and brown. Only an explicit feature at approximately 
440 nm is common for all of the graphs. This feature can 
be explained by Rayleigh scattering on the nanostructures 
in the cross-section of the polymer lines [29, 30, 48]. The 
angle-insensitivity of blue and green can be attributed to 
the disorder characteristics mentioned in Sec. 2.2. Spe-
cifically, the inhomogeneity inside the multilayer systems 
induces incoherent scattering as described by Kinoshita 
et al. [5].

The yellow and brown colors were more angle depend-
ent because the disorder characteristics inside their surface 

structures were missing. Higher laser power led to larger 
polymerized structure size, thus the size of the air cavities 
was reduced. Simultaneously, the size of the interfaces was 
also reduced, as illustrated in Fig. 3c. Therefore, the inter-
faces of these multilayer systems were too small to produce 
the incoherent scattering [5]. Additionally, the higher aver-
age laser power provided the polymer lines with higher 
mechanical stability due to an increment of the structures’ 
polymerization degree [41]. As a result, the line structures 
did not tilt on the cover glass.

2.4  Application for artificial structural colors 
with angle‑insensitive optical properties 
and molding of biomimetic 2PP structures

Structural colors have a high potential for used in anticoun-
terfeiting. The production of anticounterfeiting features usu-
ally requires sophisticated production methods and the use 
of various materials [49–51]. Consequently, the application 
of 2PP would have significant advantages, as described in 
the introduction.

For the generation of an anti-counterfeiting feature with 
2PP, the previous findings of our research were applied such 
that our structural colors only resulted from the interference 
system in the lines’ cross-section [30] Therefore, various 
structure geometries with different symmetries (see Supple-
mentary file) can be used to individually adjust the angle-
insensitive optical properties in different tilting directions. 
For this purpose, structures referred to as arc structures were 

Fig. 3.  Optical properties of artificial structural colors. a Graphs 
show angle-insensitive optical properties for the blue and green 
colored surfaces. b The optical properties of the yellow and brown 
colors differ in comparison to those shown in a. Here, the optical 

properties show characteristics of the conventional thin film- and 
multilayer interference. c Schematic illustration of interface size-
reduction inside the multilayer systems due to higher average laser 
power used for structuring
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applied (see Fig. 4a) and orientated as shown in Fig. 4b. 
The process parameters listed in Table 1 were used to sepa-
rately create a blue and green structural color (see Fig. 4c). 
Thus, Fig. 4c is a composite image that is only intended to 
illustrate how simply different color hues can be produced 
with 2PP. Here, all multilayer systems of the arc structures 
participated in the color formation process, regardless of 
their orientation, when the sample is not tilted under the 
light microscope. However, if the structured area was tilted 
around its vertical or horizontal axis (40°), the outer contour 
or the butterfly shape of the image appeared in the respective 
color (see Fig. 4d).

Furthermore, a second optical effect occurred when the 
structured area was analyzed in planar orientation using the 
same light microscope but in transmission (see Fig. 4e for 
the surface appearing in green). The results show that the 
structured surface has optical properties similar to an optical 
grating. Therefore, the perceived coloration in the transmis-
sion is based on diffraction since here, the gaps between the 
lines of the arc structure can be considered as individual 
slits. The intensity of the green color was reduced within 
the spectrum due to the optical properties in reflection. 
However, an interesting phenomenon is that the diffraction 
pattern varied depending on the illumination position. If 
the illumination was applied below or above the structured 
surface, the butterfly shape became apparent. In contrast, 

positioning the light source to the left or right of the struc-
tured surface caused a spectral coloration of the image’s 
outer contour. This phenomenon can again be attributed to 
the different orientation of the arc structures in the overall 
structured area due to the partial symmetry of the arc struc-
ture, as specific slits only contribute to the color formation 
process depending on the illumination position.

Based on all of the presented results shown in Fig. 4, it 
can be concluded that biomimetic structures produced by 
2PP are highly suitable for producing anticounterfeiting fea-
tures due to the two separate effects in reflection and trans-
mission. Furthermore, it is not only the simple production 
method, compared to multi-level manufacturing processes 
[49–51], which proves to be an advantage for the use of 2PP. 
In this case, arbitrary images of anticounterfeiting attrib-
utes can also be easily generated without specific exposure 
masks. Specific structural geometries can adjust the optical 
properties of such features’ different structural symmetry. 
Thus, a broad diversity of anticounterfeiting features pro-
duced by 2PP is conceivable.

However, the disadvantage of 2PP is the long produc-
tion time required to fabricate photonic surface structures 
on a large scale. The structured area illustrated in Fig. 4, for 
example, measures 62.500 µm2 and was produced in 3 h. 
Consequently, 2PP processes do not represent an industrial 
standard. A potential method for scaling up our structured 

Fig. 4.  Structural colors with angle-insensitive optical properties for 
anticounterfeiting. a Illustration of the arc structure with a modified 
cross-section of individual polymer lines, as presented in Fig. 1b, c. 
b Principal scheme for the fabrication of an anticounterfeit feature 
using a specific orientation of the arc structure in the overall struc-

tured area. c Coloration of planar aligned biomimetic surface struc-
tures. For the generation of these colors, the parameters from Table 1 
were used. d, e Optical properties of biomimetic surface structures in 
reflection and transmission depend on the samples’ tilt direction or 
the illumination position
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surfaces is to mold them. Molding is especially common in 
biology to reproduce organic surface structures with high 
resolution [52]. The 2PPstructured surfaces serve as a mas-
ter, which can be used to generate an impression in sev-
eral minutes. This procedure can be repeated, in principle, 
multiple times because, 2PP structures are usually highly 
robust [53]. Therefore, multiple separated replicas can be 
fabricated from the impressions in one process step, and 
then each replica can be fixed on a base substrate to cre-
ate larger structured surfaces. However, each replica must 
be evenly cut to size before it is affixed. Furthermore, the 
surface of the ground material has to be uniformly smooth. 
While this approach merely describes the main idea of how 
the enlargement of 2PP-structured surfaces is feasible in 
principle, it has to initially prove that the small substruc-
tures in the cross-section of the polymer lines can be rep-
licated. Therefore, we performed the molding process, as 
illustrated in Fig. 5a on biomimetic structures that reflect 
the light in the blue (see Fig. 5b inset, A = 62.500 µm2). A 
negative of the biomimetic surface structuring was produced 
using a two-component dental wax (President, The Original 
Light Body, Coltene, Switzerland), which contains mainly 
polyvinylsiloxane. An equal ratio of both components was 
manually applied to the 2PP structures using a standard car-
tridge gun (President, The Original Light Body, Coltene, 
Switzerland). To later obtain a flat surface of the replica/
positive, the dental wax was manually pressed with a cover 
glass after its application. Curing of the dental wax was 
performed in the air for approximately 5 min. Afterwards, 
the negative was carefully removed. Dental wax was also 
applied around the negative produced so that it could be 

filled with a polymer in the next step. For the replica pro-
duction, the epoxy resin Spurr [54] was used, which has a 
refractive index of approximately n = 1.525 and a slightly 
yellowish color after polymerization. Spurr was cured for 
6–8 h in an oven at a temperature of 70 °C.

The optical result for the replica is shown in Fig. 5b. 
Since individual line structures of the replica also exhib-
ited multilayer systems in their cross-section (see Fig. 5c), 
the color formation can again be attributed to multilayer 
interference. Nevertheless, there was a shift in the color hue 
from blue to green, which may have been caused by manu-
ally applied pressure with a cover glass during the negative 
preparation. Therefore, the interference system in the cross-
section of the individual lines in the negative was modified. 
An additional result in the supplementary file demonstrated 
that this hypothesis is probable. Here, it could be proved that 
the color hue’s shift is not due to Spurr’s optical properties 
because the same color from the original can be reproduced. 
However, in this case, some replica structures were damaged 
during the manually performed removal from the negative. 
Therefore, the intensity of the color in these results is rather 
low.

Furthermore, the optical properties of the replica were 
analyzed shown in Fig. 5b, again using angle-resolved spec-
troscopy. The spectra measured are illustrated in Fig. 5d 
which shows that the replica’s structural color is also angle-
insensitive in the same range as the original. Therefore, it 
can be concluded that the multilayer systems of the replica 
have disorder characteristics comparable to those of blue 
Morpho butterflies [14, 16, 33–35].

Fig. 5.  Molding of biomimetic 2PP structures. a Schematic illustra-
tion of the procedure of molding biomimetic 2PP structures. b Illus-
tration of the replica’s structural color. The color of the original struc-
tured area is shown in the inset. c Illustration of the cross-section of 

replica line structures generated, which are similar to the original. d 
The structural color of the replica also exhibits angle-insensitive opti-
cal properties examined by angle-resolved spectroscopy
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3  Discussion and conclusion

The results presented further extend our research work in 
manufacturing structural colors inspired by nature with 
angle-insensitive optical properties mimicking the surface 
structures of the blue butterflies from the genus Morpho with 
2PP [29, 30]. In this work, we used the interference-assisted 
polymerization method [38, 39] to create different biomi-
metic multilayer systems which generated different colors. 
The multilayer systems were modified by varying only the 
average laser power used for structuring. In this case, we 
showed that the multilayer features could be adjusted in the 
range of approximately 20 nm, whereas the conventional 
2PP process is subject to a lower resolution [37]. The 2PP 
approach presented is accurate and reproducible (see Sup-
plementary file) so that different colors can also be fabri-
cated even on a single glass substrate.

However, while measuring the optical properties of dif-
ferent structural colors, it became apparent that only the 
2PP structures of the blue and green colored surfaces (see 
Fig. 3a) exhibited angle-insensitive optical properties in a 
range of 30°–40° due to their Morpho-like disorder charac-
teristics [14, 16, 33–35]. The existence of disorder inside the 
multilayer system was further proven by analytical calcula-
tion. These disorder characteristics can be attributed to the 
degree of polymerization [41], the fluctuations in the average 
laser power of ultrashort pulse lasers near the polymerization 
threshold [37, 42–44], the shrinkage of Femtobond 4B and 
impurities in the photosensitive material. This circumstance 
only randomly influence the 2PP process, but the production 
of the disorder characteristics is reproducible, as shown in 
Ref. [29] and Ref. [30]. Therefore, the current state of the 
literature again confirmed again that the disorder in the pho-
tonic system of the blue Morpho butterflies is essential to 
reflect the light angle-insensitivity [14, 16, 33–35].

Additionally, the findings gained from the previous 
results and those presented here serve to open up applica-
tion possibilities in the area of anticounterfeiting. For this 
purpose, the fact that our angle-intensive structural colors 
do solely depend on the multilayer system generated [30] 
(see Supplementary file). Therefore, a diverse orientation 
of partly symmetrical biomimetic structures results in dif-
ferent optical appearances in the reflection, depending on 
the sample tilt direction. Furthermore, coloration occurs 
in transmission due to diffraction, as in the cover scales of 
the blue Morpho butterflies [16]. The optical appearance 
was additionally related to the position of the illumination, 
which can again be attributed to the different orientation 
of biomimetic photonic structures.

Finally, a low-cost and straightforward molding tech-
nique was used to generate replicas of the original 2PP 
structures. This approach is mainly established in biology 

to create surface structures replicas [52]. In this context, 
we could show that even the substructures in the cross-
section of individual polymer lines could be molded. 
Furthermore, the replicas exhibited the same disorder 
characteristics, which ensures that the replicas’ optical 
properties were also angle-insensitive. Therefore, the 
molding technique offers a great opportunity for scaling 
up 2PP-generated surface structures.

In conclusion, 2PP is not only a suitable research tool. 
Indeed, 2PP also has excellent potential for the generation 
of blueprints as a basis for the development of potential real-
world applications [55–58].
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