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A technique for measuring the radius of dielectric microcylinders with subdiffraction-limited precision is
presented. Diffraction fringes arising from the dielectric cylinder are measured using conventional bright-field
optical microscopy and compared with theory to deduce the radii. The technique has been demonstrated measuring
the radii of the major-ampullate silks from Plebs eburnus spiders. Precision better than 50 nm is demonstrated,
using a standard optical microscope with a numerical aperture of 0.6 for the objective. Accuracy was verified using
scanning electronmicroscopy. This technique will facilitate rapid, precise measurement of dielectric microcylinder
radii, enabling a new optical-microscopy-basedmeasurement approach for these challengingmicro-optics. © 2014
Optical Society of America
OCIS codes: (050.1940) Diffraction; (100.3200) Inverse scattering; (120.3940) Metrology; (160.1435) Biomaterials;

(240.3990) Micro-optical devices.
http://dx.doi.org/10.1364/OL.39.005196

Optical microcylinders (or microfibers) are cylindrical
waveguides with diameters of the order of one microm-
eter [1]. Optical microcylinders can support guided
modes with evanescent fields that penetrate deep into
their surroundings and have been used as mode convert-
ers, to couple light in and out of miniature photonic com-
ponents [2,3], and as photonic sensors [4–6]. Optical
microcylinders can also support guided modes that are
strongly confined and so have been used in nonlinear
optical applications such as second- and third-harmonic
generation and supercontinuum generation [7–9], where
high irradiances are important.
We have previously demonstrated that spider silks

have intriguing optical properties [10–12]. Spider silks
are novel alternatives to conventional optical materials
as they are biocompatible, lightweight with high tensile
strength, have high toughness and high extensibility
[13,14], and were recently demonstrated as optical inter-
connects [15]. The spider silks of orb-weaver spiders
(family Araneidae) are spun naturally as optical-quality
microcylinders with diameters between 50 nm and 10 μm
and can potentially be used to make environmentally
sustainable micro-optic components. In order to charac-
terize the optical behavior of spider silks for use as
micro-optical elements, the silk radius must be accu-
rately known [12].
High (2%–3%) precision, optical methods for measur-

ing the radii of microcylinders have previously been
invented by Weidemann et al. and Warken and Giessen
[7,16], however, these methods require alignment of the
microcylinders with a coherent light source.
In this Letter, a technique is presented, capable of

measuring cylinder radii with subdiffraction-limited
precision using only a conventional optical microscope.
This technique avoids the need for using electron
microscopy, avoiding potential damage to the silks by
the electron beam. It also avoids the need for aligning
the microcylinder which facilitates rapid measurement

that can be integrated with other forms of optical char-
acterization [10–12].

Conventional optical microscopy is limited to a
precision of λ∕2 (the Abbe diffraction limit). For visible
wavelengths, this corresponds to around 250 nm. The
aim of this study is to measure the radius of spider silks
with a precision better than the Abbe diffraction limit
using microscope objectives with low to moderate
numerical aperture (NA). The method presented
achieves this goal using only the separation distances
between diffraction fringes.

To relate the separation of the diffraction fringes to
cylinder radius, electromagnetic scattering theory was
employed. The scattered field due to a cylinder illumi-
nated by a plane wave polarized parallel to the cylinder
axis is given by Bohren and Huffman [17]. The irradiance
of this field was integrated over the angular plane-wave
spectrum defined by the illumination numerical aperture
to obtain the total field at the object plane of the micro-
scope objective, Iobject. The field at the image plane of the
microscope, I image, was calculated as

I image�x; y� � Iobject�x; y� � A�x; y�; (1)

where � denotes a 2D convolution in x and y, and A�x; y�
is the incoherent impulse response of the imaging
system. For this experiment, an aberration-free imaging
system with a finite numerical aperture was assumed,
where A�x; y� corresponds to an Airy disk function.

From this theory, the separation of the maximum-
irradiance diffraction fringes [indicated by arrows in
Fig. 1(a)], denoted Sd, can be calculated as a function
of cylinder radius and the silk position relative to the
image plane, denoted by a and z, respectively.

In this study, Sd was calculated as a function of cylin-
der radius at z � 10, 15, and 20 μm [Fig. 1(b)]. Values for
cylinder radii were calculated from measured values of
Sd [Fig. 1(c)]. The purpose of using multiple values of
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z is twofold. First, to disambiguate between cylinders of
different radii that share the same value of Sd (for a given
z), and second, to evaluate measurement uncertainty.
With this procedure, multiple radius measurements
can result [e.g., the two gray regions in Fig. 1(b)].

However, it was straightforward to identify the “correct”
measurement by using high NA illumination to minimize
diffraction fringes and measure the width of the irradi-
ance profile. This conventional approach is sufficiently
precise to distinguish differences in radii of ∼400 nm
or more in a conventional microscope. Also, using sev-
eral well-spaced z-values reduces the probability of
multiple measurements by reducing the chance that mea-
surements occur due to coincidence. The measured scat-
tered field of a silk is shown in Fig. 1(c) for three different
z-values. These are cross sections at the specific z-values
from Fig. 1(a).

Sd has a small but significant dependence on the re-
fractive index of the cylinder. For maximum precision,
measurement of the refractive index of the cylinder
was also required, which was performed using the
immersion-contrast techniques that we have presented
previously for single [10,11] and double cylinders [12].

This measurement procedure was applied to seven ma-
jor ampullate silks from the spider species Plebs eburnus.
This spider silk is the closest to a homogeneous cylinder
of the silks we have studied [12]. Silks were taken
directly from the web and imaged with no additional
preparation. A time period of approximately six months
elapsed between the drawing of the silks and using them
in this experiment. These silks were initially selected as
being single cylinders. Six of themwere shown to be such
under scanning electron microscopy (SEM).

Silks were observed under an optical microscope
(Olympus IX-81) under bright-field Köhler illumination
in transmission mode, with a minimal numerical aperture
(0.06) to accentuate the appearance of the diffraction
fringes. Silks were suspended in air throughout the imag-
ing process. The illumination wavelength was 540 nm,
with a bandwidth of 10 nm, and was polarized parallel
to the silk. This wavelength was chosen as it gave the
best signal-to-noise ratio of the available filters. A 40×
objective with a numerical aperture of 0.6 was used to
image the silks. The silk was aligned in the focal plane
by observing the silk under high NA illumination and min-
imizing the width of the imaged silk via image processing.
The z-position of the silk was then set relative to this po-
sition using a computer-controlled z-stage. After initial
setup of the microscope, data from each silk took around
1 min to collect manually; this could potentially be done
faster through automation of the data collection process.

Measured cylinder radii (aFM) for six different silks are
shown in Table 1, along with corresponding measure-
ments using SEM (aSEM) for four of them. Measurements
for silk 1 are shown in Fig. 1 to illustrate the measure-
ment procedure. The uncertainties in z and n were
taken to be �0.2 μm (the precision of the z control)
and �0.0008 (measured using the immersion-contrast

Fig. 1. (a) Calculated scattered field cross section from a cyl-
inder of radius 720 nm, n � 1.55, and λ � 540 nm. I0 denotes
the irradiance of the illumination field. Maximum-irradiance
diffraction fringes are indicated by arrows. (b) Separation of
diffraction fringes as a function of radius (normalized by illumi-
nation wavelength) for a single cylinder at z � 10, 15, and
20 μm. Vertical shaded regions indicate where measured values
for Sd (horizontal dotted lines) intersect with the modeled
curves at all three z-values and correspond to cylinder radii
of 720� 40 nm and 1230� 35 nm (a∕λ � 1.33� 0.08 and
2.28� 0.07), respectively, for λ � 540 nm. (c) Observed
scattered field from silk N � 1, illumination NA � 0.06, objec-
tive NA � 0.6, and polarization parallel to silk. Measured Sd
were 5.62� 0.08 μm, 6.39� 0.08 μm, and 7.49� 0.08 μm for
z � 10, 15, and 20 μm respectively. Table 1. Measured Cylinder Radii of

P. eburnus Major Ampullate Silks

N aFM (nm) aSEM (nm)

1 720� 40 670� 70
2 1460� 55 1350� 100
3 480� 30 440� 70
4 440� 45 425� 70
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technique [11]), respectively. This translated into an
uncertainty in Sd of �0.08 μm, which in turn translated
to an uncertainty of aFM of �0.02 μm at a wavelength of
540 nm, for each z-position. This uncertainty in aFM was
combined with the standard deviation of measurements
made at different z-position s to obtain the final uncer-
tainty of the radius measurements shown in Table 1.
The uncertainty in the polarization orientation was
�2 deg , which resulted in only a negligible contribution
to the uncertainty in Sd.
The accuracy of this technique was evaluated by com-

paring measurements to SEM images of the silks. The
SEM was operated in environmental (low vacuum)
mode, with an operating voltage of 5 kV, which gave a
resolution of approximately 50 nm. Silks exhibited a
small amount of variability in radius along their length,
which also contributed to the measurement uncertainty.
An example SEM image is shown in Fig. 2.
Table 1 shows that silk radii measured by observing

the position of fringes, aFM, agree with radius measure-
ments made using SEM, aSEM, demonstrating the
accuracy of this fringe-analysis technique. Two silks
(with radii of 905� 45 nm and 405� 90 nm measured
using the fringe technique) broke due to exposure to
the electron beam, and so no comparison to SEM data
were possible for these silks. Importantly, the precision
of the far-field fringe technique is an improvement over
the Abbe diffraction limit (�135 nm) by at least a factor
of 2.5 and up to a factor of 4.5, even though a compara-
tively low-NA objective (0.6) was used, with a corre-
spondingly larger diffraction limit (�275 nm). This
means that using this fringe-analysis technique, high-
precision, nondestructive radius measurements of
cylindrical micro-optics can be achieved using low-NA
objectives with long working distances and larger fields
of view.
The percentage uncertainty of radii measured using

this technique were in the range of 4%–22%, compared
to 2% achieved by Weidemann et al. using harmonic gen-
eration in tapered fibers and 4%–14% achieved byWarken
and Giessen from index profiling of tapered fibers.
One silk out of the seven measured yielded a flawed

measurement, where the measured Sd did not corre-
spond to any silk radius (radius was measured to be

580� 70 nm using SEM). This failure may have occurred
for several reasons. Either the focal plane was not prop-
erly identified, or the silk exhibited a noncylindrical
geometry (such as a being an unidentified double-
cylinder). This means that the measurement success rate
was 86% rather than 100%. Such a measurement failure
was easy to identify. This compares with a 71% measure-
ment success for SEM.

In conclusion, a technique for measuring the radius of
cylindrical micro-optics with a precision at least 2.5 times
better than the Abbe diffraction limit has been presented.
This technique is based on measuring the separation of
diffraction fringes emanating from the cylinder at various
z-positions. This fringe-analysis technique was applied to
the major ampullate silks of P. eburnus spiders, which
had radii ranging from ∼400 to 1500 nm. The accuracy
of this fringe-analysis approach was demonstrated via
comparison with calibrated scanning electron micros-
copy. Measurement precision ranging from 30 to
90 nmwas achieved with higher precision being achieved
for the larger radii silks. This is a substantial improve-
ment over the Abbe diffraction limit of 135 nm under
the conditions used in this experiment, with the greatest
improvement being achieved for the silks with smaller
radii. Moreover, this is achieved with low-NA, long
working distance objectives which give larger fields of
view. Data collection for this measurement technique
takes around 1 min per sample and can potentially be
improved with automation. This technique enables all-
optical, rapid, precise radius measurements of cylindrical
micro-optics, which will be of enormous benefit when
optically characterizing these challenging micro-optic
samples.
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