




 

Биографија кандидата 

 

 

Душан Грујић је рођен у Крушевцу, Република Србија, 24.02.1984. године. У Крушевцу 

је завршио основну школу и Гимназију, природно – математички смер. 2010. године 

дипломира (основне академске студије) на Физичком факултету, Универзитета у 

Београду, смер Примењена физика и информатика са просечном оценом 8,14. 

Дипломски рад је одбранио на тему „Примена нумеричких метода у анализама Cole-

Cole дијаграма“. Од  01.01. 2011. године је запослен у Институту за физику, са 

ангажовањем на пројекту Министарства просвете, науке и технолошког развоја 

''Генерисање и карактеризација нанофотонских функционалних структура у 

биомедицини и информатици''. Од јануара 2012. године је уписан на Докторске 

академске студије Физичког факултета Универзитета у Београду, смер Фотоника и 

ласери и тренутно је на трећој години. На састанку Колегијума докторских студија 

Физичког факултета 18.09.2019 прихваћена је тема кандидата са насловом: Примена 

дигиталне холографије за детекцију инфрацрвеног зрачења на биофотонским 

структурама. До сада је публиковао три научна рада у часопису категорије М21, три 

научна рада у часопису категорије M22 и два категорије М23. Резултати истраживања 

представљени су на преко десет конференција. Поред тога, поднета је и патентна 

пријава Заводу за интелектуалну својину Републике Србије.  

 



Преглед научне активности 

 

Душан Грујић је био ангажован као истраживач на реализацији уређаја за 

формирање тзв. дот-матрикс холограма. Због специфичности начина уписивања оваквих 

холограма на фоторегиструјући материјал потребна је координација свих елемената на 

уређају, то јест усаглашен рад механичких и оптичких елемената, те је доста рађено на 

унапређењу комуникације софтвера са опремом која служи за позиционирање 

одговарајуће оптике, као и самог материјала на коме се врши уписивање дијаграма. 

Касније је ова апаратура надограђена тако да се на њој могу  ласерским снопом генерисати 

оптички индуковане фотонске структуре у нелинеарном медијуму. Као нелинеарни 

медијум је коришћен литијум-ниобат допиран гвожђем, у облику танког правоугаоног 

блока (апроксимација једнодимензионе структуре). Струтуре су реализоване у виду низа 

таласовода који су уписивани интензивним ласерским зрачењем нормалним на површину 

блока, при чему се исти помера аутоматским дводимензионим позиционером. Ова 

мултифункционална апаратура може служити и за фабрикацију миркосочива, 

биомиметичких структура, а у плану је надоградња исте тако да може служити и као 

дигитални холографски миркоскоп. 

Научна активност Душана Грујића је примарно базирана на експериментима који се тичу 

дигиталне холографије и њене примене на мерење структура и деформација малих 

димензија. За потребе ових експеримената је учествовао у развијању холографске методе 

снимања објеката у више димензија. То подразумева израду специфичне експерименталне 

поставке којом се обезбеђује квалитетније прикупљање информација о сниманом објекту , 

као и израду софтвера којим се врши снимање и нумеричка реконструкција дигиталног 

холограма Френеловом трансформацијом где је за убрзавање целокупног процеса обраде 

уведено коришћење NVIDIA графичких картица и CUDA протокола паралелног 

процесирања. Холограм се региструје директно на CCD чип камере која је повезана са 

рачунаром на ком се складиште подаци и веома брзо извршава обрада захваљујући 

паралелном процесирању. На овај начин је остварена уштеда у времену и материјалу у 

односу на аналогни начин обраде који се користио раније. Такође, могуће је један исти 

холограм реконструисати више пута (што код аналогне није могуће), са различитим 

нумеричким параметрима у циљу добијања што боље реконструкције. Коришћењем 

метода холографске интерферометрије могу се добити информације о деформацији, 

снимањем и упоређивањем два холограма истог објекта у различитим условима. Обзиром 

да се у поставци експеримента користи сферно огледало, слика која се добија је у већини 

случајева закривљена. Знајући параметре огледала и користећи могућност пропагације 

уназад, део кода за аутоматску корекцију слике је успешно имплементиран. Грујић ради на 

новом начину детекције зрачења који је примењив у веома широком спектралном 

интервалу - од ултраљубичастог, преко видљивог и инфрацрвеног, до терахерцног 

зрачења. Коришћењем вештачки произведених порозних материјала била би могућа 

реализација и пикселизованог сензора – камере. Већ у иницијалним експериментима 

постигнута је осетљивост детекције поредива са комерцијалним термалним камерама. 

Даљим усавршавањем очекује се значајно повећање осетљивости, а самим тим и 

примењивости оваквих детектора. 
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Infrared camera on a butterfly’s wing 
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TOMIĆ,2 ZORAN STAMENKOVIĆ,3 AND BRANISLAV JELENKOVIĆ
1 

1Institute of Physics Belgrade, University of Belgrade, Photonics Center, Pregrevica 118, 11080 Zemun, 
Belgrade, Serbia 
2Military Technical Institute, Ratka Resanovića 1, 11030 Belgrade, Serbia 
3Faculty of Mechanical Engineering, University of Niš, Department for Production and Information 
Technology, Laboratory for Intelligent Manufacturing Systems, Aleksandra Medvedeva 14, 18000 Niš, 
Serbia 
*dusang@ipb.ac.rs

Abstract: Thermal cameras were constructed long ago, but working principles and complex 
technologies still limit their resolution, total number of pixels, and sensitivity. We address the 
problem of finding a new sensing mechanism surpassing existing limits of thermal radiation 
detection. Here we reveal the new mechanism on the butterfly wing, whose wing-scales act as 
pixels of an imaging array on a thermal detector. We observed that the tiniest features of a 
Morpho butterfly wing-scale match the mean free path of air molecules at atmospheric 
pressure – a condition when the radiation-induced heating produces an additional, 
thermophoretic force that deforms the wing-scales. The resulting deformation field was 
imaged holographically with mK temperature sensitivity and 200 Hz response speed. By 
imitating butterfly wing-scales, the effect can be further amplified through a suitable choice 
of material, working pressure, sensor design, and detection method. The technique is 
universally applicable to any nano-patterned, micro-scale system in other spectral ranges, 
such as UV and terahertz. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

OCIS codes: (040.3060) Infrared detectors; (110.3080) Infrared imaging; (350.5340) Photothermal effects; 
(090.1995) Digital holography. 
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1. Introduction

Infrared (IR) detectors are widely used nowadays with many possible applications in 
astronomy, medicine, military, automotive industry, and many more. They can be divided in 
two large groups - thermal and quantum [1] - based on the working principle. Quantum-
detection sensors produce electrical output due to the direct conversion of IR signal into 
electric energy. They have high detection efficiency and very fast response, but cryogenic 
cooling is required, making them sensitive and expensive. Thermal detectors are heated as a 
result of absorption, altering some physical property of a material with subsequent conversion 
to electrical signal [2]. They are slower, but work at room temperature. New ideas abound, 
such as IR detection based on graphene [3], carbon nanotubes [4], quantum dots [5], 
superconducting nano-wires [6] or up-conversion [7]. Common to all of them is a 
complicated construction, complex manufacturing technologies and intricate underlying 
physics. 

Generally, arrays of IR thermal detectors were used for imaging camera construction [8]. 
Based on their mode of operation and cooling requirements, thermal cameras are classified as 
cooled (requiring cryogenic system such as Stirling machine) and uncooled, which are much 
simpler and more versatile. 
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A large group of uncooled cameras are based on bi-material, micromechanical cantilevers, 
whose radiation-induced mechanical deformation is detected electrically or optically. To 
amplify the thermo-mechanical response, cantilevers are made of two materials with different 
thermal expansion coefficient (usually metals or semiconductors, but materials of biologic 
origin, such as chitin or proteins, present a viable option [9], too). 

Natural biological structures can be turned into IR detectors by using thermally-induced 
spectral change of wing-scales iridescence [10]. It was proposed that thermal dilatation of 
wing scales increases the distance between the Brag-grating-like lamellas and changes the 
refractive index, thus inducing a slight shift of the iridescence spectrum. Due to low thermal 
expansion coefficient (50 × 10−6 K−1) the final effect is very small and differential 
spectrometry is used for detection. The thermal response was further improved by coating 
wing scales with carbon nanotubes. In another line of research [11], wing scales were covered 
with a thin layer of gold in order to produce bi-material structure which bends upon heating. 
In both cases, the detection principle renders spatially resolved imaging very difficult, and 
strongly limited by the thermal expansion coefficient, leaving little room for further 
improvements. 

Here we present an infrared imaging system with Morpho menelaus butterfly wing as a 
sensing medium. Digital holographic interferometry was used to detect thermally-induced 
displacements. The spatial resolution is of the order of the butterfly wing-scale 
(approximately 50 × 100 µm [12]), the temperature sensitivity is 2.8 mK and the response 
frequency around 200 Hz, which is quite comparable to high level commercial cameras. 
Sensitivity is much higher than could have been expected from the thermal dilatation 
coefficient alone and we propose that photophoretic forces are responsible for the effect. We 
have calculated the photophoretic pressure and the resulting displacements of butterfly scales, 
finding them in good agreement with the experimental results. 

2. Infrared imaging on a butterfly’s wing 

The detection of infrared radiation was done using a Morpho menelaus butterfly wing, whose 
circular section, 1 cm diameter, was extracted from a wing, putting some effort to choose a 
zone devoid of wing-veins as much as possible. Section was attached to the holder with a 
double adhesive tape, without any special preparations, see Fig. 1(a). As can be seen in Fig. 
1(b), the wing is densely covered with iridescent particles shaped as micro-cantilevers 
possessing nanoscale, layered structures, see inset of a Fig. 1(b). The wing-section was 
irradiated with near IR laser beam for localized heating of the wing. A thermal process was 
monitored holographically, using a setup and method described in a Section A.1 of the 
Appendix. We were able to reconstruct a single diffraction order of a hologram at 2048 × 
2048 resolution due to properties of the shifted Fresnel transform [13]. All the details of the 
wing were clearly revealed, as shown in Fig. 1(c). By producing an interferogram between the 
reference hologram (recorded before switching-on the 980 nm laser) and the one recorded 
during the thermal process, we were able to faithfully observe the elongated laser beam shape, 
as shown in Fig. 1(d). 

The laser beam power was kept constant and the pulse duration was decreased until no 
beam trace was discernible by the holographic interferometry. In this way the detection 
threshold was established at several µJ/cm2, depending on the wavelength. This is because we 
used a butterfly wing as it is, without further functionalization or alteration and the 
temperature increase is determined by its natural absorptivity. It is well known that the 
melanin is a constituent of wing scales, with absorptivity being much higher at UV than in IR 
[14], thus explaining the lower detection threshold in UV. 

We used commercial thermal camera (FLIR SC620, 640 × 480 pixel, 40 mK thermal 
resolution, and maximum speed of 120 fps at reduced resolution) to establish the relation 
between the temperature of the wing and holographically measured phase difference (see 
section A.1 of the Appendix for details). 
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Fig. 1. (a) A photograph of a circular section of a Morpho menelaus butterfly wing attached to 
a holder. (b) SEM image showing the cantilever-like structure of the Morpho menelaus wing-
scale and (see inset) ultrastructure of its surface, with a number of lamellae. (c) A hologram 
reconstruction of a section of the butterfly wing. (d) A holographic image obtained after 
irradiation of a butterfly wing with a 980 nm pulsed laser beam (having elliptical beam profile 
2.7 mm × 6.8 mm, 8.7 mW power and 128 ms pulse length, corresponding to ~2 mJ/cm2 
energy density). 

Thus, the same thermal process was monitored by the thermal camera [depicted in Figs. 
2(a) and 2(b)] and our method [Fig. 2(c)]. We have found that the temperature rise of ΔT = 
0.4 K, recorded by the IR camera corresponds to holographically detected phase difference 
ΔΦ = 5.1 rad, i.e. to the displacement of 0.432 µm. The related thermo-mechanical response 
is, therefore, 1.08 µm/K. Based on that and experimentally recorded phase-noise level (Φn = 
0.037 rad, corresponding to resolvable displacement of the order of 3.1 nm), we found the 
temperature detection sensitivity of 2.9 mK. 

According to the theory of linear time-invariant systems [15], impulse response can be 
determined by differentiating its Heaviside step response, and a transfer function is further 
found by Fourier transforming the impulse response. Thermal systems can be treated as 
linear, because conductive, convective and radiation thermal energy exchange can be 
modeled by the linear differential equations. That is why the thermal response of the wing 
was determined by irradiation with a long laser pulse (at 980 nm and 8.7 mW). The response 
was Fourier transformed to obtain the transfer function, displayed in Fig. 3. For a 10 dB 
signal-to-noise ratio (SNR) the detection frequency is 30 Hz, while for 20 dB SNR detection 
frequency is larger than 200 Hz, see Fig. 3. 
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Fig. 2. (a) Thermal camera image of the butterfly wing section irradiated with the laser beam 
(at 980 nm wavelength, 8.7 mW power and 128 ms pulse length). (b) Temperature variation 
(black line) recorded by the thermal camera during laser irradiation. Fast oscillations are 
camera noise. A laser pulse shape (red line) is shown, too. (c) A corresponding phase 
difference recorded holographically under the same conditions. 
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Fig. 3. Attenuation of the butterfly’s wing response as a function of signal frequency. 

3. Thermo-mechanics of the wing-scales 

Radiation-induced temperature rise produces a thermal dilatation and bending of wing-scales, 
which were calculated at 0.005 µm/K and 0.029 µm/K, respectively (see Section A.2 of the 
Appendix for a detailed analysis). This is more than an order of magnitude lower than 
experimentally observed 1.08 µm/K. To resolve the discrepancy, we were motivated to take a 
closer look at the morphological, absorptive, thermal and mechanical properties of the 
Morpho menelaus wing-scales. 

Each scale is almost a flat plate (approximately 100 µm long, 50 µm wide and 2 µm thick 
[12]) embedded in the wing membrane by its pedicle [Fig. 1(b)] and acting just like a 
mechanical cantilever. The scale’s main, plate-like, body has two laminae: the lower one 
being almost flat, while the upper is structured with densely packed ridges, made of a number 
of lamellas [10], see inset in Fig. 1(b). As of the material properties (mostly chitin), a thermal 
expansion coefficient is k = 50 × 10−6 K−1 [10, 16], modulus of elasticity E is estimated 
between 2 GPa and 20 GPa [17] and we measured the absorption coefficient of the wing α = 
4.5 × 10−4 nm−1 at 980 nm. 

Here we claim that the additional mechanical force comes from molecular interaction 
between the surrounding gas and the heated nanostructures of the wing-scales The mean free 
path of molecules in air is generally accepted to be around 66 nm at the ambient pressure 
(~105 Pa) [18], according to kinetic theory of gasses. This is quite comparable to the lamellar 
spacing of the wing-scale (150 nm). Under such circumstances, the inter-lamellar space is so 
small that only a few hundred atoms fit in-between, see Fig. 4. Numerically, the situation is 
described by the Knudsen number Kn, defined as a ratio between the mean free path of the 
surrounding fluid and the characteristic dimension of the system (in our case, the distance 
between lamellas). If a thermal gradient is established in a thermodynamic system with the 
Knudsen number between 0.1 and 10, an additional, so-called radiometric (Knudsen) forces 
appear [19]. This is exactly the situation of a radiatively-heated wing-scale, where the 
temperature difference is established and the Knudsen number is 0.45. 

The radiometric forces have been investigated in many different circumstances connected 
with thermal transpiration [20], AFM cantilevers in partial vacuum [21] or pumps without 
moving parts [22]. The same effect has been used to mechanically manipulate large particles 
using vortex or bottle beams [23]. 
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Fig. 4. Scheme of the cross-section of a Morpho butterfly scale. Black dots represent 
molecules of air at atmospheric conditions. A radiation-induced temperature gradient (black 
dashed line) is established across the wing scale (Ts<Tc). Dimensions are in nanometers but the 
drawing is not to the scale. L – lamellae, UL – upper lamina, LL – lower lamina. 

We have studied the effects of radiometric forces using a theory developed by Passian 
[21], which was slightly amended and experimentally tested in [24]. For ambient conditions 
corresponding to our experiments (normal atmospheric pressure 105 Pa and room temperature 
295 K) and the temperature gradient of 0.31 K (corresponding to temperature increase of 1 K) 
we have calculated that the resulting photophoretic pressure is 26.3 Pa (see Section A.3.1 of 
the Appendix for details). 

In order to estimate the associated mechanical deformation, we use a simplified 
mechanical model of a butterfly wing-scale, shown schematically in Fig. 5(a). This is a 
combination of a thin, corrugated, hollow box (imitating the main body - flattened part - of 
the scale) attached to a short beam, rigidly constrained at its end (approximating the scale 
pedicle). An approximate analytic solution for the maximum displacement of the mechanical 
model was found, showing the influence of mechanical parameters of the system on thermo-
mechanical response (see Section A.3.2 of the Appendix). More accurate solution was found 
using finite element method (FEM) based on the model shown in Fig. 5(b). The 
corresponding displacement field was calculated and shown in Fig. 5(c), based on mechanical 
parameters given in Table 1. of the A.3.2 Appendix section. 

By taking dimensional parameters of the wing-scales from [10,12] [which closely 
correspond to our SEM images – see inset in Fig. 1(b)], photophporetic pressure calculated 
above and modulus of elasticity of 18 GPa, taken from the available literature [17], we found 
that scale-tip displacement is 1.16 µm/K, in agreement with experimentally obtained value. 
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Fig. 5. (a) Scheme of the butterfly wing-scale with dimensional parameters. (b) Perspective 
view of the FEM wing-scale model. (c) Perspective view of the butterfly wing-scale deflection 
field. 

4. Discussion 

We used holography for detection, because imaging is very sensitive, straightforward and 
easy to implement. We found that the classical problems of mechanical stability, ambient 
conditions like air currents, vibration, and acoustic disturbances, were completely 
unimportant in our single-beam setup, described earlier and in the Appendix. Heating of the 
butterfly wing by the holographic reference beam itself is unimportant because it is constant, 
of low intensity (110 µW/cm2 at 532 nm) and makes uniform background which cancels in 
interferometric measurements. However, intensity stability of the beam must be such that the 
induced temperature variations are below the detection threshold, which was satisfied in our 
experiments (laser stability 1.28%, RMS noise 0.17%, according to manufacturer). The angle 
between the reference beam and observation direction is small and the holographic sensitivity 
(influenced by the sensitivity vector [25]) is close to 1. This means that the one fringe 
displacement is very close to the wavelength (532 nm in our case). For larger photophoretic 
displacements, we have observed phase wrapping, which was easily corrected (by phase un-
wrapping [25]). 

Butterfly wings are not an ideal imaging detector. Wing-scales are not distributed evenly, 
their shape, position, anatomy and mechanical properties are not uniform, some zones are 
depleted [such as wing veins – as can be seen in Fig. 1(a)] and the wing surface is wavy. As a 
result, different wing zones and wing scales produce variable response. This is a well known 
problem in thermal camera construction, corrected by, so called, non-uniformity 
compensation. Here we made no attempt to improve the situation because the proper 
equipment was not available to us. For the same reason, we were also unable to measure the 
noise equivalent thermal difference (NETD), because it includes an infrared imaging system 
and a low temperature black body. All measurements in our work express the value of 
thermal sensitivity of the butterfly wing, used as a focal point array. 

Anyway, we think that significant improvements can be made to the photophoretically 
active surface. Quite large wing portions with better uniformity can be selected (especially on 
Morpho butterflies), cut and tiled to make a larger detection surface. In that respect, we have 
demonstrated that butterfly wings can be precisely cut and scribed by a femto-second laser. It 
could be expected that the photophoretic effect largely depends on the butterfly species and 
will be maximized for insects with intricate nanostructures (day flying butterflies, e.g. 
lycaenidae, nymphalidae). Alternatively, wing scales can be harvested, manipulated and 
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attached to an artificial substrate in an orderly manner. Finally, photophoretic principle can be 
used in a completely artificial system imitating to some degree wing scales - see structures 
described in [26]. 

The spatial resolution of the described butterfly-wing-based sensor is determined by the 
length of the scales, because the maximum deflection is at the tip. For regions closer to the 
petal deflection is much lower and drops below the detection capabilities of holographic 
interferometry. We found that the resolving power of the holographic setup is 19.5 µm x 29.5 
µm, according to Rayleigh criterion. This was defined by the detector chip size (13.2 × 8.8 
mm) and its distance to the butterfly wing (800 mm). The resolution can be significantly 
improved by reducing the distance in a holographic setup and by using a larger detector chip 
size. 

There is also an important question of efficient absorption of electro-magnetic radiation 
by the wing scales. We used completely unmodified wing with naturally present, chitin, 
pigments and proteins. Presence of melanin is well established in Morpho wing scales [27] 
resulting in much higher absorption in the blue-UV, compared to IR spectral range. We really 
observed that the detection sensitivity at 405 nm is much higher than at 980 nm. We used a 
Fourier-transform infrared (FTIR) spectrometer to measure the far infrared spectrum of the 
Morpho wing, where we found two prospective regions (2800-3300 nm and 5700-6600 nm) 
with absorption as high as 50%. With proper sensitization (e.g. single-walled carbon 
nanotubes or water), detection of far IR [28] and terahertz radiation is possible [29], too. 
Therefore, these nature-based structures can be modified into a thermal detector sensitive 
within an extremely wide spectral range of electro-magnetic radiation. 

With regard to photophoresis, we see additional possibilities to amplify the effect by 
changing the chemical composition of the gas and its pressure or increase the temperature and 
thermal gradient, by proper sensitization of the base material. So far, photophoresis was 
studied in simple systems like AFM cantilevers [21] or spherical particles [23], and adequate 
models should be developed for butterfly-like structures, with a number of Bragg layers or 
photonic crystals. 

We emphasize that the radiation detection, within the IR power range used in this 
research, is completely nondestructive to the wing. We used the same wing for months 
without any deterioration or damage. The fact is supported by hundred years old butterfly 
specimens in entomological collections, still retaining their structural color. 

It should be added that the principle of electrophoretic radiation detection is universal and 
applicable to other types of invisible radiation (UV, terahertz). There are a number of things 
that can be optimized to improve the sensitivity and spatial resolution of the system, such as: 
building an artificial micro-cantilever array, changing dimensions and material composition 
of micro-cantilevers, adjusting chemical composition of gaseous environment, designing 
other, nonoptical, readout methods (e.g. capacitive, piezo or resistive). Findings of this 
experiment and results of the model can be an inspiration for fabrication of butterfly-inspired 
thermal chip. For example, by using elastomeric cantilever made of PDMS, whose modulus 
of elasticity is three orders of magnitude lower compared to wing-scales used in this research, 
we can expect three orders of magnitude larger thermal sensitivity. Even the existing systems 
based on bi-material cantilevers could be improved by nano-patterning to introduce additional 
photophoretic effect. 

5. Conclusion 

A novel method of detecting low level thermal radiation, using scales of the Morpho 
menelaus butterfly wing, is presented. Thermally induced displacements of scales were 
measured using digital holography. We have found that characteristics of this, nature-given 
sensing elements are quite promising, even when compared with the state-of-the-art thermal 
cameras. Temperature detection sensitivity is 2.9 mK, with the detection threshold of several 
µJ/cm2, depending on the wavelength. The detection frequency reaches over 200 Hz, for SNR 
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of 20 dB. We emphasized a strong mechanical stability and durability of butterfly wings, and 
completely nondestructive nature of measurements. 

We have found that the photophoresis at atmospheric pressure is the underlying 
mechanism, as verified by measurements and a simplified mechanical model of the wing-
scale. The resulting, photophoretically induced, displacement was 1.16 µm/K, in agreement 
with the experiment. 

The described method of thermal radiation detection is universally applicable and will 
function with other manmade materials and structures, as long as the characteristic size of 
structures is comparable to the mean free path of molecules of the surrounding gas. 

Appendix 

A.1 Holographic setup and phase measurements 

A simple setup described previously [30] and shown in Fig. 6. was used throughout this 
research. A beam from the unmodulated laser L1 (Torus 532 laser, manufactured by Laser 
Quantum, with 532 nm wavelength, 43.1 mW power and 10 m coherence length) is spatially 
filtered by focusing the laser beam (with a biconvex lens L with 50 mm focal length) through 
the 25 μm diameter pinhole P. The resulting laser beam is directed towards the concave 
mirror CM with 75.3 mm aperture diameter and 23 mm focal length. Part of the divergent 
laser beam directly illuminates the wing section W mounted in front of the concave mirror 
CM, thus generating an object beam O. The rest of the beam, which misses the object W, 
generates the reference beam R. A mirrorless CMOS camera C (Nikon 1v3, detector size 13.2 
× 8.8 mm, 18.4 MPixel, 60 frames per second) is placed in a zone where the reference beam 
R interferes with the object beam O, scattered from the wing section W. Laser L2 at 980 nm 
(with elliptical, divergent beam and 30 mW maximum power) was used, as a source of NIR 
radiation, to irradiate the butterfly wing section W. Its power was adjusted by a variable 
beam-attenuator, and irradiation time was controlled by switching laser on and off, using 
Arduino Mega 2560 Rev3 microcontroller. Laser (L2) produced thermal fingerprint on the 
butterfly wing which was detected holographically. The setup is mechanically extremely 
stable and we needed no vibration isolation. 

 

Fig. 6. Scheme of a holographic device used to detect photophoretic displacement of a 
butterfly’s wing. L1 – laser at 532 nm, L2 - laser at 980 nm, L – biconvex lens, CM – concave 
mirror, C – CMOS camera, W – butterfly wing section, R – reference beam, O – object beam, 
P – a pinhole used for spatial filtering of the laser beam, M – a flat mirror used to deflect the 
laser beam. 

Holographic measurements were performed as follows. A camera C was turned-on for 
approximately 50 ms (corresponding to about 3 frames) before the infrared laser L2 was 
turned-on for 128 ms. Recording was continued even after turning the laser off, in order to 
monitor the wing cooling process. Total number of holograms was 40, during the recording 
time of 670 ms. Holograms were then numerically reconstructed using shifted Fresnel 
transform algorithm, implemented on a CUDA-enabled graphics card (ASUS Expedition 
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GeForce GTX 1050 Ti) [13]. As a result, a time series of butterfly wing images was 
produced, containing both amplitude [see Fig. 1(c)] and phase information. Phase values of 
the first reconstructed image were taken as a reference. A phase difference between the 
reference and subsequent images were calculated and depicted in Fig. 2(c). 

A.2 Thermal gradient across the butterfly’s scale 

Radiation is partially absorbed by the wing scales leading to the temperature increase. Here 
we establish a connection between the average temperature increase of the wing scale (which 
is measurable) and the thermal gradient across the scale (which is not measurable, due to 
smallness of the scale). A butterfly wing scale will be approximated by a number of layers 
having certain thicknesses Dj, masses Mj, and absorptivities Aj, as depicted in Fig. 7(a). 

 

Fig. 7. (a) Layers of the wing scale with their masses Mj, thicknesses Dj and absorptivities Aj. 
(b) A single wing scale treated as a bulk body having the mass M and thickness D equal to sum 
of masses and thicknesses of its layers. I0 is radiation intensity, A is absorptivity, and Q 
absorbed energy. 

First we will treat the scale as a monolithic body [Fig. 7(b)] having thickness D and mass 
M equal to the sum of thicknesses Dj and masses Mj of its individual layers. Suppose that the 
incident light has intensity I0, and that the fraction A of the incident energy is absorbed by the 
scale, i.e. energy Q = I0A is dissipated in the scale. This energy is used to increase the 
temperature (by amount ΔT) of the scale having total mass M and specific heat c. A 
temperature increase ΔT is actually an average temperature of the wing-scale (the only 
measurable parameter, due to the thinness of the scale). The process is described by: 

 ,Q Mc T= Δ  (1) 

 0 ,I A Mc T= Δ  (2) 

 0 .
Mc T

I
A

Δ=  (3) 

We are now going to treat a scale as layered structure, as can be seen in the Fig. 7(b). A 
fraction Aj of the input energy I0 is absorbed by the layer j, i.e. Qj = I0Aj and the temperature 
will increase by ΔTj as: 

 0 .j j jI A M c T= Δ  (4) 
By introducing Eq. (3) into Eq. (4), we get: 
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Let’s analyze the temperature rise of the j-th layer having volume ΔVj = ΔxΔyDj (where 
Dj, Δx, Δy and ρ are thicknesses, width, length and density, respectively). Taking into account 
that Mj= ρΔVj=ρΔxΔyDj and using Eq. (5) we then get: 

 1 1 .
j jj j j j j

j
j j j

M DA A AD
T T T T

M A D A D A
= =Δ = Δ = Δ = Δ

 
 (6) 

From measured absorptivity of the Morpho wing at 980 nm we calculated the coefficient of 
absorption as α = 4.5 × 10−4. Fractions of absorbed energy A and Aj were calculated using 
Lambert-Beer’s law [I=I0exp(-αD)]. We are now able to calculate the temperature distribution 
across the wing scale, assuming 7 lamelae, having equal thickness of 70 nm, and two laminae 
with 150 nm thickness, each. If the average increase of temperature is ΔT = 1 K, we get the 
temperature distribution depicted in Fig. 8. As can be seen, the average temperature increase 
is 1 K, but the temperature difference across the scale is δT = 0.31 K. 

 

Fig. 8. Temperature gradient along the wing-scale having the average temperature increase of 
1K, assuming the coefficient of absorption α = 4.5·10−4. 

This motivated us to treat the wing-scale as a nonuniformly heated cantilever, which 
bends as a result of uneven dilatation. This is a well known problem in mechanics and the 
maximum deflection Δ0 of the cantilever tip is given by the following equation (see chapter 5 
in [31]): 

 
2
0

0 ,
2

TkL

t

δ
Δ =  (7) 

where k is a coefficient of thermal expansion, L0 is a cantilever length, t is its thickness and δT 
is a temperature difference established between cantilever’s top and bottom surfaces. We 
found that, for δT = 0.31 K, total thickness of the scale of t = 2.7 µm, length L0 = 100 µm and 
k = 5·10−5 1/K the corresponding maximum deflection is 0.029 µm/K [using Eq. (7)]. This is 
still much lower than, holographically observed, 1.08µm/K. 
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A.3 Calculation of mechanical effects due to photophoretic pressure 

A.3.1 Photophoretic pressure 

A fluid inside the wing scale cannot be treated as continuum, but as free molecules where 
molecule-surface (of the scale lamellae) collisions dominate molecule-molecule collisions. A 
simplified model [schematically shown in Fig. 9] was developed in [21,21], where the 
thermodynamic system consists of a substrate S at temperature Ts, thin membrane M at 
temperature Tc, embedded in a fluid with temperature Tr, and the distance between the 
substrate and membrane is of the order of the mean path length of the fluid. It was found that 
the resulting radiometric pressure P is described by the following expression [21,24]: 
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where Pr is environmental pressure, as, act, acb are accommodation coefficients of the 
substrate and membrane surfaces [Fig. 9], and τc = Τc/Τr, τs = Τs/Τr are relative temperatures 
(relative to ambient temperature Τr). 

 

Fig. 9. A scheme of a radiometric system embedded in a fluid with temperature Tr, having a 
substrate S at temperature Ts, thin membrane M at temperature Tc, surfaces having 
accommodation coefficients as, act, acb, and the spacing between the substrate and membrane is 
of the order of the mean free path of the gas molecules. 

For the purpose of this study we will slightly modify the Eq. (8), by assuming that all 
surfaces are identical and diffusely reflect molecules. In that case accommodation coefficients 
are all equal to 1 (diffuse scattering) as= act= acb=1. Also, assuming that the substrate S 
temperature is slightly above the ambient Τs=Τr+δT, and the Eq. (8) reduces to: 
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If the temperature increase δT is small, compared to the ambient temperature, square root 
can be approximated by the first two members of a Taylor series, producing the simple 
equation for the photophoretic pressure: 
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A.3.2 Photophoretic bending of the wing-scale 

From the mechanical point of view, a butterfly wing-scale is a thin, hollow, corrugated plate 
attached to a short cantilever beam, see Fig. 10(a). We will treat it as a classical, simple 
cantilever beam [shaded gray on the Fig. 10(a)], with additional load on its left and right 
sides. In this way, we have a cantilever beam as in Fig. 10(b) loaded with the total force 
acting on the whole wing-scale body. Therefore, the resulting pressure P on the cantilever is 
increased by the amount equal to the ratio of the wing scale area and the beam area (equal to 
b0/r), thus: 

 0 0 .
P b

P
r

=  (11) 

In this way, we are left with the well-known and solved problem in mechanics [32] 
(within Euler-Bernoulli beam theory [33]). A maximum deflection Δ of such beam is defined 
as: 

 
4
0 ,

8

WL

EI
Δ =  (12) 

where W is the load per unit length, L0 is cantilever plate length, I is it’s the second moment 
of cantilever cross-section and E is the modulus of elasticity. It is easy to find load per unit 
length as: 

 0 .W Pb=  (13) 

By introducing Eqs. (10), (11) and (13) into Eq. (12) we get the final expression for the 
maximum deflection of the plate: 

 
2 4
0 01
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r
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E T rI
δΔ =  (14) 

The second moment I of the wing scale cross-section (with respect to area centroid) was 
calculated referring to the Fig. 10. Parameters of the theoretical model are presented in Table 
1. Results of analytical expression (14) show good agreement with the FEM model [Fig. 11]. 
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Fig. 10. (a) Butterfly wing-scale is approximated with a thin, hollow, corrugated plate attached 
to the short cantilever beam. (b) Approximation of a wing-scale as a beam with increased 
pressure due to additional force imposed by the whole scale body. 

Fig. 11. Comparison between analytic and finite element methods applied to the problem of 
photophoretic deflection of the butterfly wing-scale. (a) Maximum deflection as a function of 
modulus of elasticity. (b) Maximum deflection as a function of the wing-scale length. 

The second moment I of the wing scale cross-section (with respect to area centroid) was 
calculated referring to the Fig. 10. Parameters of the theoretical model are presented in Table 
1. Results of analytical expression (14) show good agreement with the FEM model, see. Fig.
11.

Table 1. Environmental, dimensional and mechanical parameters of the butterfly wing-
scale model. 

environmental pressure Pr 105 Pa 

environmental temperature Τr 295 K 

wing-scale length L0 100 μm 

wing-scale outer width b0 50 μm 

wing-scale inner width b 49.7 μm

wing-scale outer thickness h0 1 μm 

wing-scale inner thickness h 0.7 μm 

wing-scale pedicle outer diameter r 4 μm 

wing-scale pedicle length L 0.2 μm

ridge height H 1.7 μm 

ridge width t 0.062 μm 

modulus of elasticity E 18·109 Pa 

coefficient of thermal expansion k 5·10−5 1/K 
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Abstract An experimentally study of the coherent light scattering from disordered

photonic structure is presented. We have measured the light localization length for a

complex disordered multilayer system, which we have prepared by holography. The

structure consisting of pullulan nanoparticles arranged in a random manner and confined

between Bragg layers. The width of backscattering cone indicates a weak localization

regime.

Keywords Weak localization � Backscattered cone � Photonic multilayer structure �
Disorder � Polysaccharide

1 Introduction

During the past few decades, localization of light has great interest because of their

applications, such as in light transport (Wiersma et al. 1997; Wiersma 2013), random lasers

(Liu et al. 2014) and solar energy (Pratesi et al. 2013). Transport of light through a

disordered medium can be localized by interference and multiple scattering from random

structures, halting its propagation. Under the Ioffe-Regel criterion (John 1984), localization

is either weak, known as coherent backscattering (when l * k), or strong—Anderson

localization (for kl B 1), where k denotes laser wavelength, l is the mean free path and k is
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the wave number. Weak localization is a precursor to Anderson localization (Segev et al.

2013) where transport of light is a complete halt.

Coherent backscattering has been observed experimentally and studied in powders of

gallium arsenide (Wiersma et al. 1997), aqueous suspensions of polystyrene particles

(Wolf and Maret 1985; van Albada and Lagendijk 1985), liquid crystals (Strangi et al.

2006), animals (Jordan et al. 2014), cold atoms (Jendrzejewski et al. 2012) and in many

other materials.

In this paper we have investigated backscattering of light in periodically ordered and

disordered structure. We have measured the backscattered cone of light from He–Ne laser

by polysaccharide-based complex nanostructure, generated by combining holography and

non solvent phase separation (Li and Han 2011). Photonic structure consists of periodic

ordered solid multilayer with alternately periodic multilayer of random arranged sphere,

i.e. of Bragg layers filled with polydisperse nanoparticles arranged in a random way. To the

best of our knowledge, results of back scattering measurements of complex structure

proposed in this paper have not been published before.

2 Fabrication of photonic structures

Polysaccharide, pullulan, sensitized with ammonium dichromate (DCP-dihromated pul-

lulan) was used as recording material (Pantelić et al. 1998; Savić et al. 2002; Savic-Ševic

and Pantelic 2007). Pullulan is linear homo-polysacharide that is produced by micro-

organisms of the Aureobasidium pullulans type (Pullularia pullulans) (Prajapati et al.

2013).

Fig. 1 FEGSEM image of internal structure of DCP grating
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Photonic structures were fabricated as a volume Bragg reflection grating using a simple

counter-propagating beam configuration. DCP was exposed with a single longitudinal

mode, diode pumped Nd-YAG laser, at 532 nm. After exposure, grating was chemically

processed in a developer. The resulting Bragg layers, upon phase separation, is filled with

polydisperse, almost spherical nanoparticles arranged in a random way.

The morphology of the resulting photonic structure was investigated using a high res-

olution scanning electron microscope equipped with a high brightness Schottky Field

Emission gun (FEGSEM). Internal structure of the DCP sample, with a number of regu-

larly spaced Bragg layers (200 nm periods), is shown in Fig. 1. It could be seen that the

Bragg grating is filled with polydisperse, almost spherical nanoparticles, with average

diameter of 60 nm, arranged in a random way. Nanoparticles of pullulan are formed during

phase separation.

3 Weak localization of light

Coherent light which is incident on random media is multiply elastic scattered, before exit

in random direction, causing constructive interference of waves traveling in opposite

directions, Fig. 2a. These randomly distributed rays interfere with each other results in

enhancement of the reflected intensity (coherent back scattering) within a narrow cone with

angular width (van der Mark et al. 1988),

W ’ 0:7k
2pl

ð1Þ

Fig. 2 a Coherent backscatter showing interference between counter-propagating light paths, b experi-
mental setup
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We have measured the backscattered light cone and determined the mean free path l of

light in DCP structure by using the setup with circularly polarized light (Wiersma et al.

1995), schematically shown in Fig. 2b.

A He–Ne laser (633 nm) was used as a light source. The laser beam was expanded, and

its polarization changed to circular, before entering the non-polarizing beam splitter. The

spatial distribution of backscattered light is detected on a CMOS camera (15.1 mega pixel

resolution, Canon EOS 50D), while speckle averaging was performed by vibrating the

sample using electric motor. Clear backscattering signal is detected, obtained by averaging

multiple camera exposures, as seen in Fig. 3 (down).

The value of the mean free path is calculated from angular width of the coherent

backscattering peak, Fig. 3 (top). The full width at half maximum of the backscattering

cone is W = 77 mrad, the value for the mean free path of light in DCP structure is

l = 0.9 lm and kl = 8.5. This value indicates a weak localization regime (John 1984).

4 Conclusion

In conclusion, we investigated coherent backscatering by polysaccharide-based complex

nanostructure. The structure, generated by holography, has pullulan nanoparticles, arran-

ged in a random manner, and confined between DCP Bragg layers. We have measured the

Fig. 3 Angular distribution of the backscattered light (top) and two dimensional image of backscattering
obtained by averaging multiple camera exposures (down)
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backscattered light cone and determined the mean free path of light in structure. It is

verified experimentally that incident light is localized in disordered DCP photonic struc-

tures. The results indicate a weak localization regime.
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Natural colors originate from either chemical or physical properties or both combined. Colors of 
chemical origin are caused by pigments and dyes, while structural colors arise from light 
interference [1]. The latter, is due to the interaction of visible light, with nanometer-scale features 
of biophotonic structures. The Morpho (Morpho didius) butterfly's wing scale appeared as an 
example of the most beautiful biophotonic architecture. This particular wing is densely covered 
with iridescent scales (structures which look as micro-cantilevers). Furthermore, tiniest features 
of this biophotonic structure match the mean free path of air molecules at atmospheric pressure 
(approximately 100 nm), which is an essential condition to observe the photophoretic effect. 
 
Thermal transport induced by laser radiation produces an additional thermophoretic force that 
deforms the wing scales [1]. Resulting deformation was monitored by real time digital 
holographic interferometry [2]. This deformation of wing scales can be used as a novel method 
of detecting low level thermal radiation. In our experiments we reached a temperature detection 
sensitivity of 2.9 mK, with the detection threshold of several μJ/cm2, depending on the 
wavelength [3].  
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Vibrating diaphragms have become an important component of acoustics technology, with nearly all 

commercial microphones and speakers of the past half a century relying on diaphragm vibration. Although few 

select materials (such as nickel and boPET) are predominantly used because of their favorable properties such 

as small mass density and large tensile strength, the rise of new materials with superior properties such as 

graphene demands an assessment of their potential use in acoustic diaphragms. 

 

Here we evaluate various forms of graphene as an acoustic diaphragm material. We fabricate diaphragms from 

graphene paper and multilayer (~60 layers) CVD graphene and measure their response to acoustic stimuli 

either in capacitance mode, which most closely resembles actual use in electrostatic condenser microphones, 

or with digital holography, which allows for physical studies of diaphragm vibration modes [1]. We find that 

multilayer graphene diaphragms outperform traditional nickel membranes in terms of responsivity, up to 12 

dB at audio frequencies [2]. For large-diameter (25 mm) diaphragms that can be made from graphene paper, 

we detect a rich array of acoustic vibration modes that point to the diaphragms’ potential use in pressure 

sensing or for detection of weak acoustic signals in quiet environments. 

 

Our findings are supported with numerical COMSOL calculations that also reveal that a thicker multilayer 

diaphragm made of 300 layers of CVD graphene would in theory sustain tension forces that allow ultrasonic 

reach. Hence we conclude that graphene diaphragms hold potential for miniature low-cost ultrasonic 

transducers that compete with current piezoelectric technology. 
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Foil – like materials became almost unavoidable in industrial technology. Their applications are numerous, 

starting from protective and adhesive layers, chemical filters to electronic or optoelectronic components. 

Graphene oxide paper, as one of the most recent foil – like materials is made by assembly of individual 

graphene – oxide sheets. Its properties are superior compared to other materials when it comes to strength, 

stiffness and its macroscopic flexibility [1] which make it potentially a good candidate as a new material for 

vibrating membranes which are primary elements of every condenser microphone, loudspeaker and many 

other acoustic devices. 

 

Here we report vibrating acoustic membranesmade of graphene oxide paper. We use digital holography in a 

quasi – Fourier configuration and time averaging to study the modal structures of the membranes [2, 3]. For 

comparison, we performed the same holographic measurements on membranes made of Mylar, aluminum, 

parafilm and different kinds of filter paper. We have found resonance frequencies and shapes of the vibrating 

modes for every tested material. We also calculated fundamental frequencies for every given material. 

Graphene oxide paper shows the richest modal behavior of all tested materials with multiple interesting and 

complex modes at frequencies between 20 Hz and 5 kHz. 
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Paper – like materials are becoming an important component of industrial technology. Their 
applications are numerous, starting from protective and adhesive layers, chemical filters to 
electronic or optoelectronic components. Graphene paper, as one of the youngest paper – like 
materials has favorable properties for all those applications, but also for novel applications in 
acoustics. Graphene paper is superior to other acoustic materials because it is lightweight, 
stiff, and has a large tensile strength. The aim of our project is to investigate the real – world 
potential of graphene – based acoustic membranes.  

Here we report acoustic membranes made of graphene paper. We use time – averaged 
digital holography to study the vibrational modes of the membranes. Graphene paper shows 
a rich modal behavior in the audible part of the spectrum with multiple interesting and 
complex modes at frequencies between 40 Hz and 4 kHz. Numerical calculations confirm 
our experimental data, indicating a low pre – tension force (12.5 – 75 Nm-1). For comparison, 
we performed the same holographic measurements on membranes made of Mylar polyester 
film, paraffin film, aluminum foil and different kinds of filter paper. We have found resonant 
modes for each tested membrane, with graphene paper showing the richest behavior. Our 
calculations indicate that more tightly pulled graphene paper membranes could be useful for 
applications in acoustics. 
This work is supported by the Ministry of Education, Science and Technology of the 
Republic of Serbia. through Project OI 171005. We thank the EU and the Innovation Fund 
through the Collaborative Grant Scheme (Project 50038) administered by the Innovation 
Fund. We also thank Dirigent Acoustics Ltd for their continuing support. 
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