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Structural colours in natural organisms are created by complex photonic 52 

architectures giving rise to remarkable visual appearances. In arthropods, these 53 

structures are usually made of biopolymers and comprise photonic crystals. 54 

They are often iridescent, i.e. their colours depend on the incidence and 55 

observation angles. Despite the interest of the scientific community in a large 56 

variety of species including those belonging to butterflies and beetles, some 57 

orders such as dipterans have been overlooked so far. In this work, the 58 

structural colours from the abdomens of two dipteran species, namely 59 

Calliphora vicina and Lucilia richardsi blow flies, with different displayed colours 60 

were investigated by spectrophotometry and optical simulations. Using electron 61 

microscopy, we identified multilayer photonic structures as the primary 62 

mechanism responsible for their visual appearances, with possible additional 63 

thin-film interference in C. vicina. In addition, the dipterans’ colours were 64 

analysed in terms of chromaticity as well as with respect to the visual 65 

sensitivities of the species and the ones of some of their predators. The 66 

reflectance spectra of the blow flies investigated were found to correlate with 67 



high absorption by their own and their predators’ photoreceptors. These 68 

findings indicate that structural colouration in blow flies may influence not only 69 

communication with conspecifics but also interactions with predators. 70 

KEYWORDS: Structural colour; natural photonic crystal; photonic bandgap materials; 71 

Bragg mirror; Diptera; Blow fly 72 

1. INTRODUCTION 73 

Structurally coloured living organisms exhibit complex optical structures leading to 74 

striking visual appearances [1-4]. In insects, these structures are often photonic 75 

crystals made of biopolymers such as chitin. A signature of the interference origin of 76 

such structural colours is iridescence, i.e. the displayed colours depend on the 77 

incidence and viewing angles. Many species have attracted much attention from the 78 

natural photonics scientific community since the 19th century such as butterfly species 79 

from the family Nymphalidae (e.g., Morpho genus), the family Papilionidae (e.g., 80 

Papilio genus) and the family Lycaenidae (e.g., Polyommatus genus) [1,5] or beetle 81 

species from the family Buprestidae (e.g., Chrysochroa genus) and the family 82 

Scarabaeidae (e.g., Chrysina genus) [6]. However, species from some orders such as 83 

Diptera have been far from extensively investigated. In this work, we analysed the 84 

structural colours from the abdomens of different but related dipteran species from the 85 

family Calliphoridae, namely Calliphora vicina (Robineau‐Desvoidy 1830, formerly 86 

known as Calliphora erythrocephala) and Lucilia richardsi (Collin 1926), each 87 

displaying various structural colours (Figure 1). Most species in the order Diptera are 88 

known to exhibit colours from pigment origin. For instance, black visual appearances 89 

are associated with melanin [7]. Green colourations of adult specimens of some 90 

species from the family Chironomidae originate from bilin pigments [7]. These 91 

pigments are metabolic products of porphyrin compounds found in the haemoglobin at 92 

the origin of red colours in the larvae of the related species [7]. However, already in 93 



1927, Mason described the colour of Lucilia sp. “and other “blue bottle” flies” as 94 

“metallic iridescent” due to a relatively thin colour-producing layer [8]. In 1935, Fraenkel 95 

described that the cuticle of newly emerged C. vicina blow flies turns from grey to blue 96 

about two hours after emergence [9]. Such a process can be inhibited in some 97 

circumstances [9,10]. The interference origin of this species colouration was revealed 98 

by immersion in chloroform, leading to a colour change to green [10]. More recently, 99 

the colouration variations of iridescent Lucilia sericata blow fly were investigated as a 100 

function of temperature (from ambient temperature up to 220°C) [11]. A periodic 101 

multilayer made of about 15 bilayers was observed in the cuticle of this insect. The 102 

bilayers were described by the superposition of a chitin layer the thickness of which 103 

was in the range 130-150 nm and a layer of air with a thickness ranging from 15 nm to 104 

20 nm. Such multilayer epidermal structures in some species including wasps, flies, 105 

and beetles from the mid-Cretaceous have undergone a fossilisation process [12,13]. 106 

In the case of an amber-entombed wasp species, Hou and coworkers demonstrated 107 

that the original structural colours were preserved through fossilisation. Unlike 108 

structural colours in dipteran cuticles, the optical properties of the eyes of many species 109 

(including Chrysomyia megacephala, Musca domestica and C. vicina) ranging from 110 

their colours to the sensitivities of their photoreceptors and autofluorescence were 111 

extensively investigated [14-24]. Blow flies such as C. vicina and L. richardsi have red 112 

eyes due to red-scattering screening pigments situated in their eyes’ pigment cells [19]. 113 

In addition to dipteran eyes’ optical properties, thin film interference was also found at 114 

the origin of the vivid iridescent colours of the wings of small Hymenoptera and Diptera 115 

[25,26]. In Drosophila spp. and Chrysomya spp., the wing patterns were demonstrated 116 

to play a role in sexual selection [26-28]. For instance, in the case of Drosophila 117 

melanogaster, males with more vivid magenta wings are more attractive to females 118 



[27]. Similarly, it was demonstrated that Lispe cana male flies actively orient their 119 

iridescent sexual displays on their faces and wings toward the sun under full sunlight 120 

to enhance sexual signal visibility [29]. 121 

 122 
Figure 1 Calliphora vicina (a-c) and Lucilia richardsi (d-f) blow flies displays vivid iridescent blue and green colours, respectively, 123 

on their abdomens and thoraxes. Optical microscopy (c,f) allowed to observe black hairs (i.e. macrotrichia) with lengths ranging 124 

between ca. 200 and 300 μm (c,f). 125 

C. vicina and L. richardsi blow flies are necrophagous species. The former has been 126 

widely investigated in forensic sciences [30-32]. The post-feeding larval dispersal is an 127 

important element in the estimation of the post-mortem interval of human cadavers. 128 

Later on, L. richardsi was demonstrated to have a similar interest for forensic 129 

investigation [33]. These flies are indeed attracted not only by decaying flesh [34] but 130 

also by faeces [35]. In addition, they are known to be disease and infection vectors 131 

[36]. Due to its significant flight agility, C. vicina attracted attention from the research 132 

field of biomechanics. The neuromuscular control of steering forces on this insect 133 

during flight were investigated [37]. Within the insect’s cuticle, mechanoreceptors, 134 

called campaniform sensilla and with the shape of elliptical holes, deform under strain 135 



[38,39]. Through a bioinspiration approach, strain sensors embedded in space 136 

structures were developed [39]. 137 

In this research, using electron microscopy, different multilayers were found to be the 138 

mechanisms for the colour appearances of both investigated species. Photonic 139 

multilayers are widespread among natural photonic structures. They occur in the 140 

cuticles and wings of structurally coloured species of Hymenoptera [40], Lepidoptera 141 

[5] and Coleoptera [6,41-44]. In addition to spectral measurements and optical 142 

simulations, we analysed the dipterans’ colours in terms of chromaticity as well as with 143 

respect to the visual sensitivities of the species and of some of their predators. 144 

2. MATERIALS AND METHODS 145 

In this study, we combined specimen collection and taxonomic identification with 146 

detailed morphological and optical analyses, as well as optical simulations. Structural 147 

features of the abdominal cuticle were examined by optical and electron microscopy, 148 

while spectral reflectance was measured to characterise the insects’ optical responses. 149 

Chromaticity and photoreceptor quantum catch calculations were used to assess the 150 

visibility of the colours to conspecifics and predators. Finally, the observed structures 151 

were modelled to link physical structure to optical behaviour. 152 

(A) SPECIMEN IDENTIFICATION 153 

Samples of C. vicina and L. richardsi were collected either naturally dead or alive in 154 

the province of Namur, Belgium and the city of Exeter, UK between 2013 and 2017. 155 

The specimens that were collected alive were chemically euthanized in a jar containing 156 

ethyl acetate. All samples were kept without any further conservation methods in room 157 

conditions of temperature and humidity. They were identified using identification keys 158 

[45-48]. 159 

(B) PHOTONIC STRUCTURE MORPHOLOGY 160 



Optical microscopy was performed using an Olympus BX61 (Tokyo, Japan) 161 

microscope, an Olympus XC50 camera and a halogen Osram HLX 64625 (Munich, 162 

Germany) visible white light source. The dipteran abdomens were observed in the 163 

reflection mode of the microscope. The abdomens of dead dipterans were dissected 164 

with a scalpel and placed on microscope slides covered by black paper. The flatter 165 

areas of the samples were observed. 166 

The morphology of the dipteran abdomens’ structures was investigated using a JEOL 167 

7500F (Tokyo, Japan) field emission scanning electron microscope (SEM) and a JEOL 168 

JEM-1400 transmission electron microscope (TEM). For SEM analysis, abdomens 169 

were cut into pieces of about 5 mm × 5 mm. Some samples were immersed into liquid 170 

nitrogen immediately before being broken. This process increased the probability of a 171 

neat fracture. All SEM samples were attached to the sample mount by conducting 172 

double-sided adhesive tape and sputter-coated with 10 nm of gold. The dipteran 173 

abdomens were prepared following a standard TEM sample preparation method [49]. 174 

80 nm-thick cross sections were ultramicrotomed and transferred onto TEM analysis 175 

grids. The layer thicknesses were measured along a line perpendicular to the 176 

multilayers, using image processing software ImageJ [50]. Measurements were taken 177 

at multiple positions in each selected micrograph. For C. vicina, 8 SEM images were 178 

analysed, while 5 TEM images were used for L. richardsi. 179 

(C) OPTICAL CHARACTERISATION 180 

The normalised reflection spectra, also called reflection factor, 𝑅(𝜆) = {𝐼(𝜆) − 𝐵(𝜆)}/181 

{𝑊(𝜆) − 𝐵(𝜆)}, i.e. the ratio between the spectral intensities 𝐼(𝜆) and 𝑊(𝜆) reflected 182 

by the sample and by an Ocean Optics WS-1 (Dunedin, Florida, USA) white reference, 183 

respectively, including noise corrections (namely, spectral intensity in darkness)  𝐵(𝜆), 184 

were measured using an Avantes AvaSpect-2048 (Apeldoorn, The Netherlands) 185 



spectrophotometer, unpolarised visible light from an Ocean Optics DH-2000-BAL 186 

source and optical fibres in specular configuration (i.e., incidence and detection angles 187 

with the same magnitude). The analysed spot size extended over a few square 188 

millimetres. A fibre holder allowed measurements to be performed for angles ranging 189 

from -75° to 75° with respect to normal incidence, in steps of 15°. 190 

From the reflection spectra, CIE 1931 coordinates (𝑥, 𝑦, 𝑧) were calculated [51-53]. 191 

They allow the quantification of the colours perceived by the human eye and the two 192 

independent coordinates (𝑥, 𝑦) are presented on a 2-degree observer chromaticity 193 

diagram. In these calculations, the spectrum of the incident light source was assumed 194 

to be the CIE standard illuminant D65, corresponding to the average daylight emitted 195 

by the Sun (considered as a 6500 K black body) and received in Northern Europe. 196 

Such a chromaticity diagram is however not valid for other species’ colour perception. 197 

The spectral sensitivities of the photoreceptors located in eyes differ indeed from one 198 

species to another. In addition, some species have colour vision involving a different 199 

number of photoreceptors, such as some birds and some insects with tetrachromatic 200 

vision, i.e. four different types of photoreceptors, unlike human vision, which is 201 

trichromatic. 202 

To gauge the visibility of the species to predators and conspecifics, the quantum 203 

catches of the photoreceptors associated with Calliphoridae species and three of their 204 

known predators, namely Parus caeruleus Eurasian blue tit, Zootoca vivipara common 205 

lizard and Vespula vulgaris common wasp, were calculated using the method 206 

suggested by Vorobyev et al. [54-56] These quantities correspond to the relative 207 

amount of photons absorbed by each type of photoreceptor related to a given species. 208 

In addition to the three kinds of photoreceptors, namely the short wavelength sensitive 209 

(SWS), the middle wavelength sensitive (MWS) and the long wavelength sensitive 210 



(LWS) cone photoreceptors, involved in the colour vision of these four selected 211 

species, the blow flies, the Eurasian blue tit, and the common lizard possess a fourth 212 

type of photoreceptors, namely very short wavelength sensitive (VSW) cone 213 

photoreceptors. The calculation of the related quantum catches requires the spectral 214 

sensitivities of these photoreceptors. This data was taken from the literature [19-21,57-215 

60]. 216 

(D) PHOTONIC MODEL OF THE BLOW FLY CUTICLE AND NUMERICAL METHODS 217 

A conventional one-dimensional transfer-matrix (1D-TM) method [61] was used to 218 

simulate the spectral reflectance from the structures observed in the dipteran 219 

integuments. This method rigorously solves Maxwell’s equations in each layer of a 220 

photonic multilayer structure for both transverse electric (TE) and transverse magnetic 221 

(TM) polarisation of electromagnetic waves propagating through such layered media. 222 

In this formalism, the electromagnetic field wave is decomposed in each layer into 223 

forward and backward waves propagating in the direction perpendicular to the layers. 224 

The photonic band structures were calculated in the specific case of infinite one-225 

dimensional photonic crystal based on the photonic structures observed in the dipteran 226 

cuticles using a Kronig-Penney model approach [62]. 227 

3. RESULTS AND DISCUSSION 228 

Observations by optical microscopy revealed, in both cases, cuticles exhibiting quite 229 

homogeneous, shiny and metallic visual appearances (Figure 1c,f). These cuticles are 230 

covered by black hairs, also called macrotrichia, the length of which ranges between 231 

ca. 200 and 300 μm. In addition, much shorter hairs, known as microtrichia, of about 232 

20 μm can be observed by SEM (electronic supplementary material, Figure S1). 233 

Observations of cross-sections of the blow flies’ cuticles by SEM and TEM showed the 234 

photonic structures inside their integuments (Figure 2). In the case of C. vicina, one 235 



single periodic planar multilayer was observed by SEM (Figure 2a,b). It comprises 18 236 

periods with the appearance of two layers, the thicknesses of which were measured to 237 

be 98±7 nm and 20±6 nm (Figure 2a,b). Both layers have different contrasts (dark and 238 

light contrasted, respectively) with SEM techniques. In the case of L. richardsi, three 239 

different multilayers are observed (Figure 2d-f). The top multilayer consists of 4 240 

bilayers, the layers of which have thicknesses equal to 78±15 nm and 82±12 nm. The 241 

middle multilayer contains about 25 layers, namely 13 58±14 nm-thick electron-dense 242 

layers and 12 60±13 nm-thick electron-lucent layers. The bottom aperiodic multilayer 243 

is composed of 3 electron-lucent layers with thicknesses ranging from 175 nm to 244 

370 nm and 3 electron-dense layers with thicknesses ranging from 120 nm to 160 nm. 245 

These structures contrast to some extent with the multilayer observed in the exocuticle 246 

of the green-coloured L. sericata blow fly, which exhibits about 15 periods comprising 247 

two layers described as being 130-150-nm and 15-20-nm thick layers [11]. 248 

 249 

Figure 2 The photonic structures found in the cuticle of Calliphora vicina (a-c) and Lucilia richardsi (d-f) are multilayer reflectors, 250 

as observed by SEM (a,b,d,e) and TEM (c,f). One such single periodic multilayer is observed in C. vicina’s cuticle (a-c). It is 251 

made of two kinds of layer with thickness equal to 98±7 nm and 20±6 nm. L. richardsi’s cuticle comprises three multilayers: a 252 

top multilayer with 4 bilayers, the layers of which have a thickness equal to 78±15 nm and 82±12 nm; a middle multilayer 253 

containing about 25 layers, namely 13 58±14 nm-thick dark contrasted layers and 12 60±13 nm-thick light contrasted layers; 254 



and a bottom aperiodic multilayer composed of 3 light contrasted layers with thicknesses ranging from 175 nm to 370 nm and 3 255 

dark contrasted layers. 256 

Under incident light normal to the samples, the specular spectral reflectance from the 257 

blow flies’ cuticles exhibits peaks located at 437±8 nm and 537±6 nm in the cases of 258 

C. vicina and L. richardsi, respectively (Figure 3). These peaks were observed to blue-259 

shift in combination with a decrease of their full width at half maximum (FWHM), when 260 

the incidence and detection angles increase (Figures 3a,c,4). Such a metallic 261 

iridescent optical response is typical of a multilayer reflector [61]. For a human 262 

perception point of view, this corresponds to colour changes following a curved path, 263 

from blue to violet and from green to violet, respectively, on the CIE chromaticity 264 

diagram (Figure 3b,d). 265 

 266 

Figure 3 The specular spectral reflectance (quantified in terms of reflection factor) from Calliphora vicina blow fly peaks at 267 

437±8 nm at normal incidence (a), corresponding to a blue visual appearance, as observed on a chromaticity diagram (b). With 268 

increasing incidence and viewing angles, the reflectance peak blue-shifts (a) giving rise to violet colourations (b). In addition, a 269 



narrowing of the peak FWHM is observed. Lucilia richardsi blow fly’s reflectance peak is located at 537±6 nm at normal incidence 270 

(c), leading to a green colouration (d). With grazing incidence and observation angles, the reflectance peak narrows and blue-271 

shifts (c) leading to blue and violet colours (d). 272 

 273 

Figure 4 The spectral reflectance peaks measured from the abdomens of both Calliphora vicina and Lucilia richardsi (and 274 

quantified here in terms of reflection factor) blue-shift with increasing incidence and observation angles (in absolute values). 275 

Such a behaviour is typical of a multilayer reflector.  276 

Interestingly, TEM observations of the one-dimensional photonic structure in C. 277 

vicina’s cuticle showed patterns that might be associated with a Bouligand structure 278 

(Figure 2c). Such structures were found in the cuticles of numerous species from the 279 

order Coleoptera and are known for their light circularly polarising properties [6,63-68]. 280 

They consist of incrementally rotated birefringent layers stacked upon each other. 281 

Dipteran vision is known to be sensitive to light linear polarisation [15] and circular 282 

polarisation vision was demonstrated in other insects such as beetles [69], dragonflies 283 

[70], and damselflies [70], and more generally, in arthropods [71] including stomatopod 284 

crustaceans [72]. Polarised-light experimental techniques were used in order to 285 

measure circularly polarised (CP) reflectance components (further detail available in 286 

the electronic supplementary material). The possibility of the presence of a Bouligand 287 

structure may undermine the conclusion that the one-dimensional photonic structure 288 

is a non-chiral multilayer. Both co-CP and cross-CP configurations were hence 289 



investigated, where co-CP corresponds to incident and reflected CP components with 290 

the same handedness (left or right) and cross-CP refers to different handedness of the 291 

incident and reflected CP components. Despite this TEM observation, only cross-CP 292 

responses, similar to that of a planar mirror, displayed significant intensities (electronic 293 

supplementary material, Figure S2). The absence of the typical Bouligand structure’s 294 

optical response might be explained by the small number of layers with respect to what 295 

was observed in other insects [6,64-67]. Another likely explanation is that the 296 

birefringence contrast in refractive indices along the ordinary and extraordinary axes 297 

is not sufficiently high in order to give rise to co-CP reflection. A last possibility involving 298 

a thin film overlaying the Bouligand structure is discussed at the end of this section. 299 

As mentioned above, the CIE chromaticity diagram is not valid for the colour perception 300 

of other animals. We therefore analysed the colour sensation from the investigated 301 

blow flies’ cuticles for different organisms including C. vicina (Figure 5) and L. richardsi 302 

(Figure 6) blow flies themselves as well as some of their predators (i.e., P. caeruleus 303 

Eurasian blue tit, Z. vivipara lizard and V. vulgaris wasp) by calculating the quantum 304 

catches related to their photoreceptors. From this analysis, we cannot directly infer the 305 

species colour perception since it would require to take into account the light 306 

transmission through the organisms’ eye lenses and their neural processing of visual 307 

signals. In dipterans, for instance, visual sensitivity and colour discrimination vary 308 

widely among taxa and are often tuned to ecologically relevant cues such as host or 309 

mate detection [19-21,57]. In addition, the visual background strongly affects 310 

detectability. In a specific background, a body colour that can be perceived may still 311 

remain undetected. For instance, camouflage strategies evolved in some species for 312 

millions of years involve mimetism through homomorphy and chromomorphy [73,74]. 313 

Some observations can however be performed based on the calculated quantum 314 



catches. All selected species’ visual systems are highly sensitive to C. vicina and L. 315 

richardsi’s visual appearances. C. vicina’s colour is specifically intense for all the four 316 

species. Its reflectance peak at normal incidence and detection (located at 437 nm) 317 

gives rise to a high absorption by the SWS photoreceptors of all four investigated 318 

species with both trichromatic and tetrachromatic visions. This colouration appears 319 

very chromatic in the case of the common lizard, i.e. the quantum catches among the 320 

photoreceptor types differ the most, resulting in a highly saturated colour signal. With 321 

larger incidence and detection angles, these four species’ VSWS photoreceptors are 322 

more excited than their SWS photoreceptors. These organisms have a vision well 323 

suited for this blow fly’s blue colour since they have types of photoreceptors in this 324 

range, namely SWS and VSWS. L. richardsi’s visual appearance at normal incidence 325 

and observation leads to a high absorption by the LWS photoreceptors of the Eurasian 326 

blue tit and the blow fly as well as by the MWS photoreceptors of the common lizard 327 

and the common wasp. This is due to its reflectance peak at 537 nm. If L. richardsi 328 

seems to be very chromatic for all four species, the common lizard is the species 329 

having the most chromatic sensation of this visual appearance. With higher incidence 330 

and detection angles, the photoreceptors absorbing the most reflected light also 331 

change: down to the SWS photoreceptors in the cases of the Eurasian blue tit, the 332 

common lizard and the common wasp and down to the MWS photoreceptors in the 333 

case of the blow fly. 334 



 335 

 336 

Figure 5 Calliphora vicina’s visual appearance is very intense for the visual systems of Calliphoridae species (blow flies), Parus 337 

caeruleus Eurasian blue tit, Zootoca vivipara lizard and Vespula vulgaris wasp, as shown here in terms of quantum catches. The 338 

reflectance peak located at 437 nm leads to high absorption by the SWS photoreceptors of all tetrachromatic vision species. 339 

 340 

Figure 6 The visual systems of Calliphoridae species (blow flies), Parus caeruleus Eurasian blue tit, Zootoca vivipara lizard and 341 

Vespula vulgaris wasp are all highly sensitive to Lucilia richardsi’s visual appearance, as shown here in terms of quantum 342 

catches. Due to its reflectance peak at 537 nm, L. richardsi’s colour gives rise to a high absorption by the LWS photoreceptors 343 

of the Eurasian blue tit, the blow fly and the common wasp as well as by the MWS photoreceptors of the common lizard. 344 



The optical responses of the investigated blow flies’ photonic structures were simulated 345 

as perfect photonic crystal models (Figure 7) using the geometrical parameters 346 

measured from the electron microscopy observations (Figure 2) in order to assess 347 

whether the measured reflectance spectra arise from the structures observed by SEM 348 

and TEM. In the case of L. richardsi, only the top multilayer was found to have 349 

dimensions that could be responsible for the optical behaviour of the cuticle. The 350 

thicknesses of the layers composing the bottom multilayer are too large for giving rise 351 

to an optical photonic bandgap in the range of interest. The middle multilayer could 352 

give rise to a predicted reflectance peak in the near UV range. However such a peak 353 

is not measured by spectrophotometry. This might be explained by a lack of refractive 354 

index contrast between both kinds of layer. Indeed, in TEM images, both kinds of layer 355 

are much less contrasted in the middle multilayer than in the top multilayer. The layers 356 

in the middle multilayer have therefore a more homogeneous electron opacity than in 357 

the top layer. The materials in these layers could be relatively similar, with a weak 358 

refractive index contrast. For C. vicina, the 98-nm and 20-nm layers were assigned 359 

refractive indices (RI) of 1.68 and 1.55, respectively; for L. richardsi, the 78-nm and 360 

82-nm layers were assigned RI values of 1.68 and 1.55, respectively. These 361 

dispersionless values are good compromises between published values for butterfly 362 

scales and beetle cuticle [75-79] and correspond to the RI measured in the layers of 363 

Chrysochroa rajah beetle [80]. The RI of the incident medium and the substrate were 364 

taken equal to 1.00 and 1.68. The same structural models were used for both 365 

reflectance spectra and photonic band structures. However, for the calculation of the 366 

photonic band structures, the number of bilayers was assumed infinite. The simulated 367 

reflectance spectra and photonic band structures (Figure 8) are in accordance with the 368 

experimental results. In the case of C. vicina and L. richardsi, the simulated reflectance 369 



peak and photonic bandgap (PBG) are located at 395 nm and at 517 nm at normal 370 

incidence, respectively. Both results are in accordance with the experimental results 371 

(experimental errors are smaller than 10%). Both the simulated reflectance peak and 372 

PBG blue-shift to 337 nm and to 436 nm at grazing incidence, for C. vicina and L. 373 

richardsi’s models, respectively. The predicted weak oscillations in the reflectance 374 

spectra are due to Fabry-Pérot interferences. They are related to the total multilayer 375 

thicknesses. They are not observed experimentally since the multilayer interface are 376 

not perfectly parallel in the actual dipteran cuticles and the multilayer thicknesses are 377 

much larger than the incident light coherence length. 378 

 379 

Figure 7 The photonic structures occurring in Calliphora vicina and Lucilia richardsi’s cuticle were modelled by multilayer 380 

periodic reflectors made of a stack of two different kinds of layers with thicknesses 𝑑𝑖 and 𝑑𝑗, magnetic permeabilities 𝜇𝑖 = 1 and 381 

𝜇𝑗 = 1 as well as dielectric permittivities 𝜀𝑖 = 1.682 and 𝜀𝑗 = 1.552 [80]. The incidence medium and the substrate have, 382 

respectively, magnetic permeabilities 𝜇inc = 1 and 𝜇sub = 1 as well as dielectric permittivities 𝜀inc = 1.002 and 𝜀sub = 1.682 [80]. 383 

Vector 𝑘⃗  represents incident wave vector. 384 



 385 

Figure 8 Reflectance spectra (a,d) and photonic band structures as a function of the incidence angle for TE (b,e) and TM (c,f) 386 

polarisations in the cases of the photonic models corresponding to Calliphora vicina (a-c) and Lucilia richardsi’s (d-f) photonic 387 

structures. Green areas correspond to allowed photonic bands. 388 

The simulated optical responses of the multilayer models generally match the 389 

experimental reflectance spectra in both peak position and angular dependence. The 390 

accordance between experimental and numerical results demonstrates the photonic 391 

origin of the visual appearances of the investigated blow flies. For C. vicina, however, 392 

the simulated reflectance peak is noticeably narrower than the experimental one. This 393 

difference could arise from imperfections in the multilayer structure, such as random 394 



variations in layer thicknesses, and from the fact that experimental measurements 395 

were averaged over a relatively large solid angle. To assess this effect, we modelled 396 

a pseudo-periodic multilayer with random thickness deviations of ±15 nm in the high-397 

contrast layers and ±5 nm in the low-contrast layers, and averaged the resulting 398 

calculated spectra over incidence angles from –5° to +5° (electronic supplementary 399 

material, Figure S3). This approach produced a broader peak than the ideal model, 400 

though still narrower than the measured spectrum. 401 

An alternative explanation is thin-film interference in an additional ca. 180 nm-thick 402 

surface layer covering the epicuticle and the observed photonic structure. Such a layer 403 

could plausibly correspond to a wax and cement secretion deposited via pore canals 404 

after cuticle formation, as reported in insects [81,82]. Simulations incorporating this 405 

layer yield a broad reflectance peak near 420 nm at normal incidence (electronic 406 

supplementary material, Figure S4a), in close agreement with the measured peak 407 

position. The presence of such a thin film could also explain the negligible intensities 408 

of detectable co-CP light reflection in the visible range if an underlying Bouligand 409 

structure with sufficient in-plane birefringence were present, since the thin-film 410 

interference can mask this signal (electronic supplementary material, Figure S4b). 411 

Furthermore, no such distinct superficial layer was observed in SEM or TEM images. 412 

4. CONCLUSIONS 413 

Unlike butterflies and beetles, the visual appearances of species from orders such as 414 

dipterans have not attracted much attention despite their striking colourful iridescence. 415 

In this work, the structural colours of C. vicina and L. richardsi blow flies’ abdomens 416 

were investigated. The colourations displayed by C. vicina and L. richardsi are blue 417 

and green, respectively, with their reflectance spectra at normal incidence peaking at 418 

437±8 nm and 537±6 nm. They are primarily due to photonic structures in the cuticles 419 



of these insects, as revealed by electron microscopy, consisting of one-dimensional 420 

periodic multilayers that produce metallic iridescence. In C. vicina, we cannot entirely 421 

exclude the possibility of thin-film interference from a superficial epicuticular layer over 422 

a likely Bouligand structure imaged by TEM. This interference could contribute to the 423 

observed reflectance properties and help explaining the negligible intensities detected 424 

in co-CP reflectance spectra. However, no such thin-film layer was directly observed 425 

in our SEM or TEM analyses. Both species appear bright and chromatic with respect 426 

to the visual sensitivities of blow flies and three selected predators. These sensations 427 

are mainly due to the high absorption by the SWS and VSWS photoreceptors, in the 428 

case of C. vicina and of the LWS, MWS and SWS photoreceptors, in the case of L. 429 

richardsi. These results suggest that structural colouration in blow flies may play roles 430 

beyond visual signalling to conspecifics, potentially influencing predator-prey 431 

dynamics. 432 
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 720 
Figure S1 Top view of the cuticle of Calliphora vicina’s abdomen using SEM. In 721 

addition to long hairs (known as macrotrichia) observed by optical microscopy, 722 

shorter hairs (also called microtrichia) of about 20 μm can be observed. 723 

 724 
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Co- and cross-circularly polarised reflectance spectrophotometry 726 

The dipteran cuticles were characterised using cross- and co-circularly polarised (CP) 727 

reflectance spectrophotometry. Both co-CP and cross-CP configurations were 728 

investigated, where co-CP corresponds to incident and reflected CP components with 729 

the same handedness (left (L) or right (R)) and cross-CP refers to different handedness 730 

of the incident and reflected CP components. The experimental set-up, detailed in [65], 731 

consisted of an Ocean Optics (Delray Beach, FL, USA) USB2000+ spectrometer and 732 

an Ocean Optics HPX-2000 xenon broadband fibre-coupled light source. CP incident 733 

light beam was generated by a rotatable polariser and an achromatic Fresnel rhomb 734 

quarter-wave retarder, orientated at 45° azimuth. The CP light handedness was 735 

selected by orientating the polariser azimuth at either 0° or 90°. The incident light was 736 

focused onto a piece of Diptera cuticle at normal incidence using an achromatic ×10 737 



objective lens, leading to a beam spot diameter of ca. 30 µm. This lens collected light 738 

backscattered by the sample, which was conducted by a beam-splitter through a CP 739 

analyser comprising the Fresnel rhomb and a second rotatable polariser. A plane 740 

aluminium mirror was used for the measurement calibration. 741 

 742 
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 744 
Figure S2 CP reflectance spectrophotometry was used in order to highlight possible 745 

light-polarising effects arising from the pattern observed within Calliphora vicina’s 746 

cuticle that might be associated with a Bouligand structure. Despite the electron 747 

micrograph observations, only cross-CP components have significant intensities. Co-748 

CP reflectance spectra that usually contains the signature of Bouligand structures 749 

display negligible intensities. 750 
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 753 
Figure S3 Reflectance spectra of a pseudo-periodic multilayer derived from 754 

Calliphora vicina photonic model (Figure 7) with random thickness deviations of 755 

±15 nm in the high-contrast layers and ±5 nm in the low-contrast layers. The resulting 756 

calculated spectra were averaged over incidence angles from –5° to +5°. A broader 757 

reflectance peak than the ideal model (Figure 8a) is observed, though still narrower 758 

than the measured spectrum (Figure 3a). 759 

 760 
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CP reflectance was modelled for various incidence angles using a one-dimensional 762 

4 × 4 matrix method for anisotropic multilayers [83]. The model comprises a Bouligand 763 

structure overlaid by an interferential thin film. The Bouligand structure contained 18 764 

half-pitches of 118 nm, had an average refractive index of 1.56 [78], and exhibited an 765 

in-plane birefringence of 0.018 [66]. The overlying thin film was modelled as a 180-nm 766 

thick isotropic layer with a refractive index of 1.75. All materials were assumed to be 767 

non-absorbing.  768 
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 771 
Figure S4 For comparison, CP reflectance was modelled for a Bouligand structure 772 

(18 half-pitches of 118 nm, an average refractive index of 1.56 [78], in-plane 773 

birefringence of 0.018 [66]) covered by a 180 nm-thick isotropic film (𝑛 = 1.75), 774 

calculated for incidence and emergence angles ranging from 0° to 75° in 15° 775 

increments in cross-CP configuration (a) and at normal incidence in co- and cross-CP 776 

configuration (b). Modelled CP reflectance spectra in (a) appear as broad as the 777 

experimental spectra measure from Calliphora vicina (Figure 3a). The left-left co-CP 778 

(LCP-LCP) spectrum exhibits a small peak in the UV range. In the real photonic 779 

structure of C. vicina, positional disorder [44], light absorption, and scattering would 780 

likely reduce this co-CP signal to a very weak level. 781 
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