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IIpeamer: Pens6op y 3same ucrpaxusau capaHUK

Monum Hayuno Behe MucTuTyTa 32 (u3uKy na mokpere nocrynak 3a Moj pensdop y 3Bame
HCTPayKUBay capaJHuK.

IMpunaxem:

* Munubere pyKoBOAKOIA MPojeKTa

* buorpadujy

*IIperses Hay4He aKTHBHOCTH

¢ Cnmcak HayYHUX pasoBa

* Konuje Hayunux pamosa

*I10TBp/Ty 0 3aBpIIEHUM OCHOBHHM aKaeMCKHM cTyIujama

*Konujy qumioMe OCHOBHHX aKaIeMcKuX cTynuja

*IlotBpny 0 ymucy Ha TOKTOpCcKe akazeMcke cTynuje

* YBeperse 0 0JI0)KEHUM HCIMTHMA Ha JJOKTOPCKAM cTyaujama
*Jlokas o oxbpamenoj Temu npen Konernjymom AOKTOPCKHUX CTYy/IHja

C nomrosamem,

Hywan I'pyjuh
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HIICTHTYT 3A ©OHU3UKY

nPUMREHO: 51 10, 208 Npunor
Munuberme pyKoBOIMOUa IPojeKTa P e e

Momnm Hayuno Behe MuacruryTa 3a pmsuky

Aia IIOKpeHe nocTynak 3a pensdop Jlymana I'pyjuha y 3Bame ucrpakupau capamunk. Korera
I'pyjuh je ymmcan wa JlokTopcke akameMmcke cryauje Ha Ousnuxkom Qakynrery,
Yuusepsurera y Beorpasy, cmep ®oToHEKA I Jlacepy. Y4ecTBOBAO je y U3pajy ocaM pamoBa
y MebhyHaponuum wacomucnma. Komera I'pyjuh anraxopan Jje Ha mpojexkty MUU 45016
MuHuCTapcTBa MPOCBETE, HAYKE H TEXHOJIOMIKOT pasBoja "['eHepucame U KapakTepu3amuja
HaHO(POTOHCKIX DYHKIMOHAIHUX CTPYKTYpa y Gnomemununan". Pesynratu koje je mocturao
xonmera I'pyjuh mokasyjy na mocenyje HeomxomHe CIOCOGHOCTH 3a U3pagy IOKTOpPCKe
JWCepTanyje, Kao U Ja Ce aKTHBHO (aBH HAyJHO-HCTPAKHBATKAM pamoM. OBUM HaBeJeHUM,
KOJIera 3a/10B0/kaBa CBE HEOMXO/HE yCIoBe MHHHCTAapCTBa IPOCBETE, HAYKE H TEXHOMOIIKOT
pa3Boj 3a pems0Op y 3Bame HCTPaKUBAT capamHuK. 3a wiaHose Kommucuje y moctymky
pensbopa npeyiaxkem:

* 1p Bpanucnapa Jenenkosuha - HayYHH CaBeTHHK, Wncrutyr 3a Gpusuxy y Beorpamy
* 1p [lejana ITanremuha - nayunn caBetHuk, Uncruryr 3a pusuky y Beorpamy
® 1p 3opana Huxonuha — sanpennu npodecop, @usnuku paxynrer y Beorpany

Y3 nomrrosame,

PyxoBomumnary npojexra UMY 45016 MunncTapeTBa mpocBeTe, HayKe H TeXHOJIOIIKOT

pa3Boja
Hayunu capetnuk MucturyTa 3a Qpusmky,

np Bpanucnas Jenegkosuh
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Buorpaduja kanauaara

Hyman ['pyjuh je pohen y Kpymesiy, Pemyonuka Cpouja, 24.02.1984. ronune. ¥ Kpymesity
je 3aBpUIMO OCHOBHY WIKOJNYy W ['mMmHa3ujy, mpupoano — marematnuku cmep. 2010. ronune
IUIuIoMupa (OCHOBHE akaneMcke cryauje) Ha DusmukoMm (dakynrery, YHHBEp3HWTETa Y
beorpany, cmep Ilpumemena ¢usnka u wHPOpPMATHKA ca MPOCEYHOM oreHoM 8,14,
JlurinoMcku pax je ogOpaHuo Ha Temy ,,IIpumena Hymepuukux merona y aHanmzama Cole-
Cole mumjarpama“. Ox 01.01. 2011. romuue je 3amocineH y Hucturyry 3a ¢(usuky, ca
aHTa)XOBakeM Ha TIpojekTy MUHHCTAapCcTBa NPOCBETe, HAyKe M TEXHOJIOIIKOT pa3Boja
"T'enepucame M KapakTepus3anyja HAHO(DOTOHCKUX (PYHKIIMOHATHUX CTPYKTypa y
ouomenuiman U uHpopmaruuu”. Op janyapa 2012. ronumne je ymucaH Ha JloKTopcke
akageMmcke cryauje ®@usnukor ¢akynrera YHupepsurera y beorpany, cmep dotoHuka u
jJacepu U TpeHyTHO je Ha Tpehoj roaumnu. Ha cacranky Konermjyma nokropckux crynuja
Ouznukor ¢akynrera 18.09.2019 npuxsahena je Tema kaHaugata ca HacioBoM: IIpumena
TUTHTAIHE XoJjorpaduje 3a JeTeKnujy HWHpaAIpBEeHOT 3pademha Ha OMOPOTOHCKUM
cTpykrypama. Jlo cama je myOamkoBao TpW HaydyHa paja y dacomucy kareropuje M21, Tpu
Hay4yHa paja y Jyacomucy kareropuje M22 u nBa kareropuje M23. Pe3ynaratn nctpaknBama
MPEJCTaBJbeHN Cy Ha TpeKo jaeceT KoHgepeHmwja. Ilopem Tora, mojHera je W TaTeHTHA
npujaBa 3aBOJIy 3a MHTEIIEKTYyalHy cBojuHy Pemyonmke Cpouje.



Hper.ne):[ Hay4YH€ aKTUBHOCTHU

HNyman I'pyjuh je Ouno aHraxoBaH Kao HCTpaXUBad Ha peanm3anmju ypehaja 3a

(dbopmMupame T3B. IOT-MATPUKC Xojorpama. 300T crenuprIHOCTH HAYMHA YIIHCHUBAMbha OBAKBUX
xosorpama Ha (oTtopeructpyjyhu marepujan nmorpebHa je KOOpIMHAIMja CBHX €JeMEHaTa Ha
ypehajy, To jecT ycariamieH paj MEXaHWYKHUX M ONTHYKHX elieMeHaTa, Te je Jocta paljeHo Ha
yHanpeh)elby KOMyHHKanuje copTBepa ca ONpeMOM KOja CIYKH 3a TO3UIHOHHPAhE
onrosapajyhe omnrtuke, Ka0 M caMOr MaTepHjaja Ha KOME C€ BpIIM YIUCHBAKE AWjarpama.
KacHuje je oBa anmaparypa HajorpaleHa Tako Ja ce Ha HOj MOTY JIACEPCKUM CHOTIOM I'€HEpUCATH
ONTHUYKH HWHIYKOBaHE (OTOHCKE CTPYKType y HelnHeapHOM Memujymy. Kao nHenmHeapHm
MeIMjyM je KopuilheH JIUTHjyM-HHOOAaT JomnupaH reokheMm, y oONMKY TaHKOT MpaBOYraoOHOT
O50Ka (ampokcuMalja jeTHOAUMEH3UOHE CTPYKType). CTpyType Cy peain30BaHe Y BHIY HH3a
TAJacoOBOJA KOJH Cy YIUCHUBAHW WHTCH3MBHUM JIACEPCKUM 3padeheM HOPMAaJIHHM Ha MOBPIIUHY
O70Ka, TpU YeMy Cce HCTH IOMepa ayTOMAaTCKUM JIBOJAWMEH3MOHUM TMo3uImoHepoM. OBa
MyATU(QYHKIMOHAIHA —amaparypa MOXe CIYXUTH M 3a (abpukauujy MHPKOCOYUBA,
OMOMHMETHYKHX CTPYKTYpa, a y TUIaHy je HaJOTpajma HUCTe TaKO Jla MOXE CIYKHTH M Kao
JUTUTAITHA XOJIOTPad)CKU MHUPKOCKOTI.
Hayuna aktuBHoct [[ymana ['pyjuha je mpumapHOo 6a3upaHa Ha eKCIEpPUMEHTHUMA KOjU C€ THUUY
IUTUTaTHEe XoJiorpaduje W HeHe NpPHUMEHE Ha Mepeme CTPYKTypa H Jaedopmaimja Malux
TUMEH3Hja. 3a moTpede OBUX €KCIIEpUMEHATa j€ y4eCTBOBAO Yy pa3BHjamy XoJioTpadcke MeTome
CHHUMama objekaTa y BUIIIEe TuMeH3Hja. To moapasymeBa u3panay crenuduine ekcrepuMeHTalHe
MOCTaBKe KOjoM ce 00e30el)yje KBauTeTHH]je MPUKYIJbakbe HHPOopMalja O CHUIMAaHOM OQJeKTy ,
Kao W u3paay codTBepa KOJUM CE€ BPIIM CHUMAame W HyMEpUYKa PEKOHCTPYKIM]ja JUTUTATHOT
xoyorpama dpenenoBoM TpaHchopManrjoM Tae je 3a yOp3aBame IEJOKYITHOT Ipolieca oopaie
yBeneHo kopumheme NVIDIA rpapmukux xaptuna um CUDA  mpotokosia mapaneaHor
nporecupama. Xojorpam ce peructpyje aupexktHo Ha CCD yun kamepe koja je moBe3aHa ca
padyyHapoM Ha KOM C€ CKJIQJWINTe TOJallM W BeoMma Op30 HW3BpIIaBa 00paja 3axBasbyjyhm
napajielHoM Tporecupamy. Ha oBaj HaumH je OocTBapeHa yIITela y BPEMEHY W MaTepHjaly y
OJIHOCY Ha aHAJIOTHU HA4YMH o0Opajie Koju ce Kopuctuo panmje. Takohe, moryhe je jeman uctu
X0JIOTpaM PEKOHCTpyUCaTH BuiIe myra (IITO KOJ aHAJOTHE HHUje Moryhe), ca pa3muuuTHM
HYMEPHYKUM MapaMeTpuMa y Wby J00Hjama ImTo OoJbe pekoHCTpyKiuje. Kopumrhemem
MeTona xoJsiorpadcke uHTEepdepomeTpuje MOTy ce A00uTH uHpopManuje o AehopMalHju,
CHHMameM U yrnopehuBameM JiBa X0JiorpamMa UCTOT 00jeKTa y pa3inyuTuM yciioBuma. O63upom
Jla ce y MOCTaBIM €KCIIEPUMEHTA KOPUCTU c(epHO OrJiesiano, CrKa Koja ce qoouja je y BehuHu
cllyyajeBa 3aKkpHBJbeHa. 3Hajyhu mapamerpe oriefana u kopucrehn moryhHocT mpomaranuje
yHa3aJ, JIeo KOJa 3a ayTOMaTCKy KOPEKIIH]y CIHMKE je YCIeNIHO uMIuieMeHTupan. ['pyjuh panu Ha
HOBOM Ha4MHYy JICTCKIMje 3pauckha KOjU je NPUMEHHB y BEOMa IIMPOKOM CIHEKTPAIHOM
UHTEPBAILY - OJI YJITPaJbyOM4acTor, MPEKO BUIJBUBOT M HHQPAIPBEHOr, 10 TEPaxepIHOT
3pauema. Kopumihemem BemTauku NpPOU3BEICHUX MOPO3HUX MarepHujana Owna O6u moryha
peanu3aiyja ¥ MUKCEITU30BAHOT CEH30pa — Kamepe. Beh y wHMIMjaHUM ekcriepuMeHTHMa
MIOCTUTHYTA j€ OCETJBMBOCT JAETEKIMje MOpeauBa ca KOMEPLIMjAIHUM TEpMalHUM Kamepama.
JlasbuiM  ycaBpIllaBamkbeM O4YeKyje c€ 3HayajHO MoBehame OCETJHHBOCTH, a CaMHM THM U
MPUMEHBUBOCTH OBAKBUX JIETEKTOPA.
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Infrared camera on a butterfly’s wing
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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 x 107° K™') 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 x 100 um [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.l of the
Appendix. We were able to reconstruct a single diffraction order of a hologram at 2048 X
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 pJ/cm’, 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 x 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 x 6.8 mm, 8.7 mW power and 128 ms pulse length, corresponding to ~2 ml/cm?
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 47 =
0.4 K, recorded by the IR camera corresponds to holographically detected phase difference
AP = 5.1 rad, i.e. to the displacement of 0.432 pum. The related thermo-mechanical response
is, therefore, 1.08 pm/K. Based on that and experimentally recorded phase-noise level (@, =
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. (¢) 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 um/K and 0.029 um/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 um/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 um long, 50 pm wide and 2 um 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 £ = 50 x 107° K™ [10, 16], modulus of elasticity E is estimated
between 2 GPa and 20 GPa [17] and we measured the absorption coefficient of the wing a =
4.5 %107 nm™" 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
(~10° 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 K, 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 (T,<T.). 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 10° 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 pm/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 puW/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 pm x 29.5
pum, according to Rayleigh criterion. This was defined by the detector chip size (13.2 x 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
uJ/cm?, 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 um/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 pm 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
x 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 D;, masses M;, and absorptivities 4;, as depicted in Fig. 7(a).
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Fig. 7. (a) Layers of the wing scale with their masses M;, thicknesses D; and absorptivities 4;.
(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. /, is radiation intensity, 4 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 D; and masses M; of its individual layers. Suppose that the
incident light has intensity /j, and that the fraction 4 of the incident energy is absorbed by the
scale, i.e. energy Q = [y4 is dissipated in the scale. This energy is used to increase the
temperature (by amount A7) of the scale having total mass M and specific heat c. A
temperature increase A7 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:

O = McAT, (1)
ToA = McAT, (2)
McAT
To= . 3
v=— (3)

We are now going to treat a scale as layered structure, as can be seen in the Fig. 7(b). A
fraction 4; of the input energy I, is absorbed by the layer j, i.e. Q; = Iy4; and the temperature
will increase by 47 as:

LoA; = MicAT,. 4)

By introducing Eq. (3) into Eq. (4), we get:

A,
AT = £4AT. 5)
M, A

J
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Let’s analyze the temperature rise of the j-th layer having volume AV; = AxAyD; (where
D;, Ax, Ay and p are thicknesses, width, length and density, respectively). Taking into account
that M= pAV=pAxAyD; and using Eq. (5) we then get:

M, 4 D, 4, A
At S T S TG

J J J

From measured absorptivity of the Morpho wing at 980 nm we calculated the coefficient of
absorption as a = 4.5 x 107", Fractions of absorbed energy 4 and A; were calculated using
Lambert-Beer’s law [/=Ijexp(-aD)]. 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 47 = 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 67=0.31 K.

l l l i Incident radiation

70nm | AT=1.17K

70nm | AT=1.13K

70nm | AT=1.10K
70nm | AT=1.06 K lamelae

70 nm | AT=1.03K

70 nm | AT=1.00K

70 nm | AT=0.97 K

150 nm AT=0.92K
laminae

150 nm AT=0.86K

Fig. 8. Temperature gradient along the wing-scale having the average temperature increase of
1K, assuming the coefficient of absorption a = 4.5-107*.

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 4, of the cantilever tip is given by the following equation (see chapter 5
in [31]):

kL, &,
A== ;o (7
where £ is a coefficient of thermal expansion, L, is a cantilever length, ¢ is its thickness and o7
is a temperature difference established between cantilever’s top and bottom surfaces. We
found that, for 67 =0.31 K, total thickness of the scale of # = 2.7 um, length L, = 100 um and
k =5-107 1/K the corresponding maximum deflection is 0.029 um/K [using Eq. (7)]. This is
still much lower than, holographically observed, 1.08pm/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 T;, thin membrane M at
temperature 7,, embedded in a fluid with temperature 7,, 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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as + acb - asacb

+

®)

P — E \/a(‘ch +aS (l_a(‘b )Ts

as + acb - asacb

—Jl-a, +a,z -1

where P, is environmental pressure, a,, a., d. are accommodation coefficients of the
substrate and membrane surfaces [Fig. 9], and 7. = T./T,, 7, = T/T, are relative temperatures
(relative to ambient temperature 7).

[o 8 M
—
dcp

T,
T,

as
T,
s 2777777777,

Fig. 9. A scheme of a radiometric system embedded in a fluid with temperature 7,, having a
substrate S at temperature 7, thin membrane M at temperature 7., surfaces having
accommodation coefficients ay, a.,, a., 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) a,= a.= a.,=1. Also, assuming that the substrate S
temperature is slightly above the ambient 7,=7,+dr, and the Eq. (8) reduces to:

P
P=7[\/Z‘l]
Bl |T+0 _
—?{ T 1} €
=£{ 1+§—1}.
2|\ T

If the temperature increase o7 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
byr), thus:

P
P= O—b‘) (11)
r
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 A of such beam is defined

as:

A WL,
8EI’

(12)

where W is the load per unit length, L, is cantilever plate length, 7 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:

W = Pb,. (13)

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

2 r4
_ 1 b bL,

RET il '

The second moment 7 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].

(14)
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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.
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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 / 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 P, 10° Pa

environmental temperature T, 295 K

wing-scale length Ly 100 pm
wing-scale outer width by 50 pm
wing-scale inner width b 49.7 pm
wing-scale outer thickness hy 1 pm
wing-scale inner thickness h 0.7 pm
wing-scale pedicle outer diameter r 4 pm
wing-scale pedicle length L 0.2 pm
ridge height H 1.7 pm
ridge width t 0.062 pm
modulus of elasticity E 18-10° | Pa

coefficient of thermal expansion k 5-107° /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), or strong—Anderson
localization (for kI < 1), where A denotes laser wavelength, [ 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 (Panteli et al. 1998; Savi¢ et al. 2002; Savic-Sevic
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

@ Springer
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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),

0.74
W_m (1)

Laser

1 Beam-expander

O M4

O @ A/4

O O O Scattering T [
O O Q sample JQ:]: A A
O O OO O Non-polarizing High NA cco
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(a) (b)

Fig. 2 a Coherent backscatter showing interference between counter-propagating light paths, b experi-
mental setup

camera
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We have measured the backscattered light cone and determined the mean free path [ 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
[ = 0.9 um and kI = 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

aa  laAT ek jek: e
o N &2 O ®

Scaled intensity

o o o
=~ o ®

Angle / mrad

Fig. 3 Angular distribution of the backscattered light (fop) and two dimensional image of backscattering
obtained by averaging multiple camera exposures (down)

@ Springer



Localization of light in a polysaccharide-based complex... Page 5 of 5 289

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 didins) 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 pJ/cm?2, depending on the
wavelength [3].

ACKNOWLEDGEMENT: Here in this work, the concept of holographic detection of
thermophoretic force is conceptually highlighted, experimentally confirmed and discussed.
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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.

This work is supported by the Serbian MPNTR through project Ol 171005. We thank the EU and the Republic
of Serbia for financing through the Science — Industry Collaboration Program administered by the Innovation
Fund.
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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.

This work is supported by the Serbian MPNTR through Projects Ol 171005. We thank the EU and Republic of
Serbia for financing through the Science — Industry Collaboration Program administered by the Innovation
Fund.
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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 — 79.¥or 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 Ol 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.

39



FIZICKI FAKULTET
UNIVERZITETA U BEOGRADU
Broj 2972010

Beograd, 18. 10. 2010. godine

Na osnovu ¢lana 161. Zakona o opStem upravnom postupku i ¢lana 4.
Pravilnika o sadrzaju i obliku obrazaca javnih isprava koje izdaju vise $kole,
fakulteti 1 univerziteti, po zahtevu, Gruji¢ Duana izdaje se sledece

UVERENJE

GRUIJIC (ZIVOJIN) DUSAN, rodjen 24. 02. 1984. godine u Krusevcu, R.
Srbija upisana Skolske 2003/2004. godine na studijsku grupu FIZIKA smer
Primenjena fizika i informatika polozio je ispite predvidjene nastavnim
planom i programom navedene Studijske grupe i diplomirao na Fizi¢kom
fakultetu Univerziteta u Beogradu 13. oktobra 2010. godine, sa srednjom
ocenom 8,14 (osam 1 14/100 ) u toku studija i ocenom 10 (deset i 00/100 ) na
diplomskom ispitu i time stekao visoku stru¢nu spremu (VII, stepen stru¢ne
spreme) i stru¢ni naziv

DIPLOMIRANI FIZICAR ZA PRIMENJENU FIZIKU I
INFORMATIKU

Uverenje se izdaje na li¢ni zahtev, a sluzi kao dokaz o zavrSenoj visokoj
strunoj spremi (VII; stepen stru¢ne spreme) do izdavanja diplome.

Uverenje je oslobodjeno pla¢anja takse.
e DEKAN
""" F1ZICKOG FAKULTETA

Prof. dr LjubiSa Zekovi¢ /

fg/z/v /L/‘”/LL/



PEIVEAURA CPRIJA

OH3HYRH OARVATET
VHUREP3UTETA V' KEOTPAAY

AUNAOMA

0 GTEYEHOM BHGOKROM OEPA30RAMLY

[pvarim Ahngoomna lyman

POhEH-1  R4-T-198Y, roAuHe V' KFYIIGALY, KFYIERdL
CraHTA  VIMCAH-A  2403/2684.  TOAMHE,

AAAHA 13, OKTORYA 2010, FOAMHE, 3ABEPUIKO-AA J€ CTVAWE Ha
®U3HYROM OARVATETY VHUEEP3UTETA V EKEOTPAAY, HA

CTYAMICEO) TPYIIH  COWSHCA
G4 OMITHA VCIEXOM &1 (  6CAM 1 14/4% Y\ TORY CTVAWA i

oneHom ¥ ( fecer ) HdA AHIAOMCROM HCTHTY.

H4 OGHORY TOI'd H3A4)€ MY-J0j GE ObA AHIIAOMA 0 CTEYEHOM RUGOROM

OBPA30RAILY H CTPYYHOM HASHEY
QUMAOARPAH CPRSYIAY T4 TPAGHEHY OHTHKY 1 WHOOEAATHCY

PEAHH EPOJ U3 GEUAGHLMJE O M3AATHM AUIAOMAMA RETRDTO

¥ BEOTPAAY, 18. OKTORYA RO10. r0AHHE

AEBAH PERTOP

Tree g7 ﬂ]mw - IR, Emnm ‘l{omw%v



€\ Peryomika Cponja

M5\ Yuupepsurer y beorpany

) usnukn (hakynrer

) J1.bp.2018/803 1

LH o Jdarym: 17.10.2019. roaune

Ha ocHosy uniana 161 3akoHa 0 ONWITEM YTIPaBHOM MOCTYIIKY H cllyKOeHE eBHICHLMjE U3laje e

YBEPEIBE

Ipyjuh  (OKusojun) Hyman, Op. ungexca 2018/8031, pohen 24.02.1984. roamwne, Kpyegatl,
PenyOmika CpGuja, ynucan wkoncke 2019/2020. roaune, y crartycy: camoduHaHCHpatbe; THI
CTYAMWja: JIOKTOPCKE aKaJdeMcKe CTyJMje: CTyaujcku nporpam: duzmka.

I[Tpema Cratyty dakynrera ctyauje Tpajy (6poj roanHa): Tpu.
Pok 3a 3aBpuieTak cTyanja: y ABOCTPYKOM Tpajarby CTY/H]a.

Ogo ce yBepere Moke YOTPeOHTH 3a peryiincaie BojHe 00aBe3e, H3aBathe BU3E, MPaBa Ha AeUMjH 10J1aTakK, MOPOIHIHE
MeH3nje. MHBANMACKOT 101aTKa, 1001jarba 31PaBCTBEHE KibHAKHLLE, IETHTHMALKE 3a 10BJaLINeHY BOKELY W CTHIIEH M.

‘ Peny6nuka Cpbuja
5\ Yausepsuter y Beorpauy
WHf) Ousznuxu dakyarter
W</ J1.bp.2018/803 1
H DAY HJartym: 17.10.2019. roaune
Ha ocHoBy unana 161 3akoHa o onuwTeM yrnpaBHOM MOCTYTIKY U CllyKOeHe eBUIEHLM]e U3aje ce

YBEPEIHLE

I'pyjuh  (Kusojun) Jyman, Gp. wnaexca 2018/8031, pohen 24.02.1984. romume, Kpyuesal,
Peny6nuka CpGuja. ynucan wkoncke 2019/2020. roauue, y crarycy: caMoDUHAHCHPabE, THIT

7/

CTy/Mja: JIOKTOPCKE aKaJeMcKe CTy[uje; CTyaujcku rnporpam: Dusuka.

[Tpema CraryTy dakysnrera ctyauje Tpajy (6poj roauna): Tpw.
Pok 3a 3aBpiuerak cTyauja: y ABOCTPYKOM Tpajarmby CTY/IH]a.

OBo ce yBepetbe Moke YNoTpeOUTH 3a peryincate BojHe 00aBe3e. N31aBatbe BU3E, PaBa Ha JCUH|H 10/1aTaK, NOPOANIHE
feH31je, MHBAMACKOr 101aTKa, 100Hjarba 31PaBCTBEHE KibIAKHLLE, JIErHTHMALIKe 3a I0BJALIheHY BOKIbY H CTHNIEHN]e.




Ha ocHoBy unana 29. 3aKoHa 0 OrNwITeM ypaBHOM NOCTYMKY W ClykOeHe eBUIEHLM]E H3aaje ce

YBEPEIE O ITOJIOKEHUM UCITUTUMA

Jywan T'pyjuh, ume jeanor poaurtesba JKusojun, pohien 24.02.1984. roaune, Kpywesau, Perydnnka CpOwuja,
ynucan wkoncke 2018/2019. roanHe Ha J0KTOpCKe akajaemcke cTyaunje, wkoincke 2019/2020. roanue ynucad Ha craryc
caMO(MHAHCHpatbe, CTYAMjCKU nporpam Mu3nka, TOKOM CTyHja NO0KHO je UCTUTE U3 cieachux npeamera:

P.op. HIudpa Hasus npeamera Ouena ECIIB | ®onj wacoBa** Jatym
1. [JIC15DJ16 Xonorpadwuja u unTephepomerprja 8 (ocawm) 15 [1:(8+0+0) | 14.11.2018.
2. |[AC15BO4. Hywmepuuke MeTO/IE U CUMYJIaliMje y KBAHTHOj ONTHLM "#W‘) (21eBer) t 15 |I1:(8+0+0) | 14.11.2018.
Ly : 1:(0+0+12) '
2 Bek S i s
3 7}1( IJ(T)PVHJII , ‘} aJt Ha Jokrtopaty |. jieo I 30 10:(0+0+12) k]
4 ﬂ(lalldﬁ ; "Irlp()jCIV\'T()BLHbC ONTHYKHN CHCTEMA 10 (s1ecer) 15 ‘III:(8+()+U) 14.11 .2()‘1&
5. lncisons Makpo u Hano (‘;m\_mukg CTPYKTYpE Yy OHodusHi 1 8 Crickat) 15 [:(8+0+0) 01.07.2019.
Sl % ONTHYKUM KOMYHUWKalMjama | WS
2 o il (0:40+12)
HJ12 P 5 . ne ; |
AR TmuEe oo L O meor2) |
L GBMEUORHIA (P RCHISEREE R S s SAL 15 |VI0+0+20) |
8. |JICIS®PHJI3 |Pax na goxropary 3. ieo 1. 15 [1:(0+0+20) i 2

* - eKBMBAJICHTUPAH/MPU3HAT UCTIUT
** _ (DoH1 vacoBa je y popmary (npeaparbatBektetocTano)

Omnuwrth yenex: 9,00 (aeset u 00/100) , no roaunama ctymja (8,50, 9,50, /

Ctpana | on |

$ AR R 2

avue dakynrera



| IOKTOPCKE CTY/QWIE

NPEANOT TEME AOKTOPCKE AUCEPTALMIE
KONErMIYMY AOKTOPCKUX CTYAUIA

WKoncka roguHa
2048 /2019

Mopgaum o cryaenty

Ume _‘A_\[W

HayuHa obnacr auceprauymje

MNpesume \’?\[ 2 y\tl

DOTOHUKA N AACERN

Bpoj nHaekca &034 M,CM

Nopauu o meHTopy AOKTOPCKE AUCcepTauuje

HayuHa obnacr
Ume _AEZF\H

3Batbe

Npesume ﬂ W/\\AR

NHcTuTyumMja

QOO L W pCEDY

HAUHIA - CABRETRUK

Waurrt 2 drawey

Npeanor Teme gokTopcke Anceprauuje

Hacnos

NMenuera anvmanee xonoreaduos  3a AETEXCLUDY
MHOPALLPBEHOr  PAUGHoA HA  BUODOTOHCENM  CTRYETY PARA

Y3 npujasy Teme AOKTOpCKe AuncepTauuje Konernjymy aoKTopcKux CTyAamja, notpebHO je npunoxuTH

cnepeha goKyMeHTa:

1. CemuHapcku paa (ayuHe go 10 CTpaHuua)
2. Kpatky cTpyuHy 6uorpadujy nuca Hy y Tpehem nuuy jeaHnHe
3." doToKonujy nHaeKca ca BAOKTOPCKMUX CTyauja




Aatym

, p s
Notnuc meHTopa ;
.23 Og 20/,9 Motnuc cTyaeHTa

Kl VAV

Muwmere Konernjyma gokropckux cryauja

HakoH o6pasnoxerba TeMe fOKTOpPCKe AncepTaumje Konerujym AOKTOPCKUX CTyAMja je Temy

Jatym

NPUXBaTHo [D/ Huje npuxsatno ||

[§ 09 209




	Localization of light in a polysaccharide-based complex nanostructure
	Abstract
	Introduction
	Fabrication of photonic structures
	Weak localization of light
	Conclusion
	Acknowledgments
	References


