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ABSTRACT 
 

The silks of Orb-Weaver spiders (family Araneidae) are emerging as fascinating optical materials due to their 
biocompatibility, ecological sustainability and mechanical robustness. Natural spider silks are mainly spun as double 
cylinders, with diameters ranging from 0.05 to 10 μm, depending on the species and maturity of the spider. This small 
size makes the silks difficult to characterize optically with traditional techniques. Here, we present a technique that is 
capable of measuring both the real and imaginary refractive index components of spider silks. This technique is also a 
new capability for characterizing micro-optics more generally. It is based on the measurement and analysis of refracted 
light through the spider silk, or micro-optic, while it is immersed in a liquid of known refractive index. It can be applied 
at any visible wavelength. Results at 540 nm are reported. Real refractive indices in the range of 1.54-1.58 were 
measured, consistent with previous studies of spider silks. Large silk-to-silk variability of the p-polarized refractive 
index was observed of around 0.015, while variability in the s-polarized refractive index was negligible. No discernible 
difference in the refractive indices of the two cylinders making up the double cylinder silk structure were observed. 
Measured imaginary refractive indices corresponded to an optical loss of around 14 dB/mm at 540 nm. 

 

1. INTRODUCTION 

Silks of orb-weaver spiders have recently emerged as a promising new class of photonic materials1-3. Spider silks are a 
biocompatible, ecologically sustainable, easy-to-produce alternative to conventional polymers and inorganic materials 
that boast superior mechanical characteristics4-5. 

Existing work on silk-based photonic materials to date have mostly investigated the use of silk fibroin solution derived 
from the silkworm (Bombyx mori). Silk fibroin solution has been cast, printed and patterned into a variety of optical 
components including lenses, waveguides and photonic crystals6-8. Changes in the properties of silk-based thin films 
through variation in the curing conditions, and the incorporation of dyes and metallic nanoparticles have demonstrated 
the enormous customization potential of these materials. 

Spider silks are a compelling alternative to B. mori silks as they are stronger4, and possess more refined optical qualities; 
they are transparent, with surfaces that are optically smooth. These optical qualities have emerged from an optical "arms 
race" between insects and orb-weaver spiders that characteristically build webs in bright-light environments9. Recently, 
spider silks were demonstrated as interconnects between integrated photonic components3. Spider silks occur naturally as 
cylinders with diameters varying between 0.05 - 10 μm, depending on the species and maturity of the spider.   

One of the challenges with using natural silks in photonics is that the optical properties of silk, and the variability in 
these properties, are largely unknown. As the use of spider silks in photonics grows, there is a growing need to be able to 
measure the optical properties of silks rapidly, conveniently and with minimal modification to the silk. Standard 
techniques for measuring optical properties cannot be widely applied to silks, due to their small size. Enabling the 
widespread use of spider silks in photonics will therefore require new measurement techniques.   
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We have previously developed techniques to measure the principal (real) refractive indices of (birefringent) spider silks 
involving immersion of the silk in a liquid of known refractive index, and matching the refractive index of the spider silk 
to the liquid at the silk-liquid interface1-2. Accuracy and precision as good as 5 × 10-4 was demonstrated, over a range of 
visible wavelengths, and for a variety of different orb-weaver silks. Here, we present a refinement of this approach that 
only requires immersion in a single liquid. Analysis of light refracted through the silks was used in lieu of refractive-
index matching to pinpoint the principal refractive indices of the silk. This approach also enabled the measurement of the 
imaginary refractive index of birefringent silks. This approach only requires a basic optical microscope to implement, 
facilitating accessible, rapid, non-invasive optical characterization of natural spider silks, and can also be applied to other 
cylindrical micro-optics. 
 

2. METHOD 

Major ampullate silks from the orb-weaver spider Argiope keyserlingi were analysed in this study. Spiders were 
collected from the grounds of Macquarie University (North Ryde, NSW, Australia), and housed in a temperature- and 
humidity-controlled lab. Spiders were fed drosophila (fruit) flies daily. Silks were collected directly from webs (radial 
silks) and extracted manually using the spiders' dragline (dragline silks). Silks were mounted on polystyrene holders, 
allowing the silks to be suspended ~100 μm above a microscope slide. 

The diameter of A. keyserlingi silks were measured by observing the silks with an optical microscope under Köhler 
illumination. The numerical aperture of the illumination field was set to 0.06, and the illumination filtered using a 
narrow-band wavelength filter. The diameter of the silks was measured from the points where the measured irradiance 
was half the background level (Fig. 1). The cylinders were assumed to be in contact, based on previous studies on the 
arrangement on the silk cylinders10. 

 

 
Figure 1. Radial silk from an A. keyserlingi web in air, illuminated with 589 nm light (left), and the corresponding irradiance 
profile through the central horizontal cross-section of the image (right). 

Silks were then immersed in a refractive index liquid from Cargille (Series A). Refractive index liquids were temperature 
calibrated using a standard mercury thermometer with a measurement uncertainty of ± 0.1 ̊C, and the thermo-optic 
coefficient quoted by the manufacturer's specifications. Liquids were wavelength calibrated using dispersion data from 
Cargille. Hartmann dispersion formula were used where dispersion data were not available11. The uncertainty in the real 
refractive indices of the liquids was ± 0.0002 at 589 nm, and ± 0.001 at 489 nm and 656 nm. 

The principal (real) refractive indices of the silks, np and ns, were measured by illuminating the immersed silk with p- 
and s-polarized light at the chosen wavelength, with the numerical aperture of the illumination set to 0.06. The measured 
irradiance profile was then compared to the irradiance profile calculated from Maxwell's equations applied to the case of 
single cylinders. The field from a double-cylinder was approximated by adding the fields of two single cylinders 
separated by a distance of 2a (Fig. 2). The theory behind the calculation of irradiance profiles from single cylinders is 
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taken from Bohren and Huffman12. The optical transfer function of the optical system was factored in when comparing 
measured and calculated irradiance profiles at the image plane of the microscope. The z-position of the object plane was 
always chosen to be the position that gave the maximum irradiance at the centre of the cylinders when illuminated with 
p-polarised light. Setting the z-position to this easily-identifiable position facilitated a straightforward comparison 
between measurement and theory. 

 

 
Figure 2. Arrangement of the double cylinders (left), and an example irradiance profile of a calculated field (right). The 
specific simulation shown is for p-polarised cylinders with radii of 2 μm, with refractive index of 1.558, and with a liquid 
refractive index of 1.548. Scattered light fields are calculated over a π/2 angular range and begin a distance 2a from where the 
cylinders are in contact. 

For absorption measurements to be possible, the refractive index of the liquid needed to lie in between the principal 
refractive indices of the silk. Previous work on A. keyserlingi radial silks have indicated that they are uniaxial 
birefringent, with the birefringent axis oriented along the silk length. The principal refractive indices of the silks are 
labeled np for light polarized parallel to the silk axis, and ns for light polarized perpendicular to the silk axis. Previous 
experience with these silks have indicated that a liquid with refractive index around 1.5500 satisfies this condition. For 
other micro-optics, this condition can be tested by rotating the polarization of the illumination from p- to s-polarization 
(0 to 90 degrees) and observing the characteristic inversion in the irradiance profile (Fig. 3). 

 

 
Figure 3. Radial silk from an A. keyserlingi web immersed in liquid with a refractive index of 1.5500 at 589 nm and at 25 ̊C 
illuminated with p-polarized light (left) and s-polarized light (right), demonstrating the characteristic inversion of the 
irradiance profile when ns < nliquid < np. 

Absorption measurements were made by rotating the illumination polarization until the (real) refractive indices of the 
silk became matched with the immersion liquid. The correct polarization was identified as the polarization that resulted 
in the lowest silk visibility (minimum irradiance contrast). The irradiance contrast was then compared to calculated 
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irradiance profiles for immersed single cylinders where the refractive index was matched. This process was repeated for 
each cylinder. Differences in (real) refractive indices between the cylinders could be detected through changes in the 
polarization-orientation that yields index matching with the immersion liquid. 

 

3. RESULTS 

Two radial silks of A. keyserlingi were measured: Silk A was found to have cylinder radius of 2.5 ± 0.2 μm and 2.8 ± 0.3 
μm was measured for Silk B. The silk was then immersed in a Cargille Series A refractive index liquid with a refractive 
index of 1.5500 ± 0.0002 at 589 nm and 25 ̊C. An illumination wavelength of 540 nm was used to maximize signal. The 
refractive index of the silk, adjusted for this wavelength, was 1.5548 ± 0.0002. The ambient temperature of the lab was 
measured to be 23.0 ± 0.1  ̊C. A negligible change in the thermo-optic coefficient at 540 nm, from the value of 4.15 × 10-

4 / ̊C at 589 nm quoted by Cargille, was assumed. 

Prior to analysis, a background subtraction was performed to remove any background irradiance fluctuations that arise 
due to the light source, or scattering from dust particles. This was done using the formula 

 ( ) ( ) ( )raw
corrected raw background raw

background

, , ,
I

I x y I x y I x y I
I

= − + , (1) 

where Iraw and Ibackground are the raw and background irradiance profiles measured with a digital camera, and Icorrected is the 
background-corrected irradiance profile. Angled brackets indicate averages. This formula was used so as to preserve the 
original irradiance contrasts between the silks and background. Spatial frequency components less than 0.003 μm-1 were 
filtered, with the exception of the 0 μm-1 (DC) component. 

Measured irradiance profiles for the two silks illuminated with p- and s-polarization are shown in Fig. 4. The irradiance 
contrasts corresponding to the maximum and minimum irradiance values divided by the background irradiance level for 
p- (s-) polarized illumination, were calculated for the left- (CL) and right- (CR) hand cylinders; 

• Silk A - p-polarized illumination - CL = 1.518, CR = 1.525. 
• Silk A - s-polarized illumination - CL = 1.139, CR = 1.182. 
• Silk B - p-polarized illumination - CL = 0.759, CR = 0.746. 
• Silk B - s-polarized illumination - CL = 0.819, CR = 0.797. 

 

 

Figure 4. Measured irradiance profiles of two radial A. keyserlingi silks (A and B) immersed in liquid with a refractive index 
of 1.5500 at 589 nm and at 25 ̊C illuminated with p-polarized light (left) and s-polarized light (right). 
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Principal refractive indices of the silks were determined to be; 
• Silk A - Left cylinder - 0.0024

0.00121.5739pn +
−= , 0.0005

0.00321.5433sn +
−= . 

• Silk A - Right cylinder - 0.0025
0.00141.5746pn +

−= , 0.0027
0.00261.5420sn +

−= . 
• Silk B - Left cylinder - 0.0008

0.00051.5585pn +
−= , 0.0010

0.00131.5465sn +
−= . 

• Silk B - Right cylinder - 0.0010
0.00051.5620pn +
−= , 0.0009

0.00161.5445sn +
−= . 

 

 

Figure 5. Images of refractive index matched silks, with Silk A (left) refractive-index matched with an illumination 
polarization orientation of 68̊ and Silk B (right) refractive-index matched with an illumination polarization of 60̊. 

Silks were then (real) refractive-index matched with illumination polarizations oriented at 68̊ ± 2̊ and 60̊ ± 2̊ for silk A 
and B respectively, with contrasts of 0.9551 (left cylinder) and 0.9535 (right cylinder) for silk A, and 0.9436 (left 
cylinder) and 0.9450 (right cylinder) for silk B. Images of refractive-index matched silks are shown in Fig. 5. From this, 
the imaginary component of the refractive index (denoted κ) of each cylinder was determined to be; 

• Silk A - Left cylinder - 0.18 3
0.121.30 10κ + −
−= × . 

• Silk A - Right cylinder - 0.19 3
0.111.37 10κ + −
−= × . 

• Silk B - Left cylinder - 0.20 3
0.141.48 10κ + −
−= × . 

• Silk B - Right cylinder - 0.20 3
0.141.42 10κ + −
−= × . 

4. DISCUSSION 

Refractive index measurements indicate that the radial silks of A. keyserlingi have (real) refractive indices around 1.54-
1.58, which is consistent with previous studies done on these silks1. There was a substantial difference in the measured 
values of np between the two silks; around 0.015, while the observed difference in ns was comparable to the measurement 
uncertainty. Variability in np might be due to differences in the applied strain of each silk2, and would explain why np is 
variable, while ns remains consistent; although more data is required to definitively conclude this. As a consequence of 
the variability in np, the birefringence of each silk was quite different; around 0.03 for Silk A, compared to around 0.015 
for Silk B. 

Measured differences in the refractive indices of the two cylinders in the silks' double-cylinder structure was negligible 
for both silks, demonstrating that the double-cylinders are optically homogenous, within the measurement uncertainty. 
This was true for both real and imaginary refractive index components. The imaginary refractive index can be related to 
the absorption coefficient (α) as follows; 

 4πκα
λ

= . (2) 
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Measured values of the complex refractive index of around 1.4 × 10-3 correspond to an absorption coefficient of 0.033 
μm-1 at 540 nm. This translates to loss of around 14 dB/mm at 540 nm. This is about a factor of 10 higher than the loss 
measured by Huby et al. at a wavelength of 633 nm. Exploring the variation in optical properties of the silks, especially 
the absorption as a  function of wavelength, is a subject of current work. 

The main source of uncertainty is that of the radius measurements. Improvements in the accuracy of this measurement 
are currently being sought. There is scope to develop this technique further to measure imaginary components of each 
principal refractive index, i.e. polarization-dependent absorption, rather than isotropic absorption. We are also looking at 
measuring refractive index profiles by analyzing each row of pixels independently, rather than taking an average 
irradiance profile over the whole image. However the signal-to-noise ratio degrades significantly when taking this 
approach and so a way to mitigate this is being researched. Ultimately, we are aiming to extend this measurement 
technique into the UV part of the spectrum, as the optical functionality in this spectral region is of key relevance to 
spider biology9. 

 

5. CONCLUSION 

In this paper, we have described a technique for measuring the refractive index of spider silks and other cylindrical 
micro-optics, and demonstrated this technique on the radial silks of A. keyserlingi orb-web spiders. The double-cylinder 
structure was found to be optically homogeneous, with no discernible difference in the refractive indices of the cylinders. 
Silk-to-silk variability in np was observed, most likely arising due to differences in applied strain. Absorption of the silks 
at 540 nm was measured to be 0.033 μm-1 at 540 nm, which is equivalent to an optical loss around 14 dB/mm. 
Measurement uncertainties were around 0.002 and 0.1 × 10-3 for the real and imaginary refractive index components. 
Uncertainty in the silk radius was the main source of uncertainty in the refractive index measurements. Several avenues 
for improving this technique have been identified, including measurement of polarization-dependent absorption, 
profiling the refractive index along the silk length and measuring the silks' optical properties in the UV. 
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