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Fibre diameter distribution measurements
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CottonscopeHD (CSHD) is the world’s first bench-top automatic rapid image analysis system 
to measure fibre diameter snippets of 0.5-50µm. Measuring up to 20,000fibres/min in 
water, it provides measurements for mean diameter, diameter distribution, mean curvature, 
curvature distribution and length distribution (<0.7mm). It can measure glass, ceramic 
and synthetic fibres for research and quality control. Here Mark Brims and Hy Hwang of 
Cottonscope provides an overview of fibre measurement technologies.
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The history of fibre diameter measurement
The wool industry has invested significant effort 
in fibre diameter measurement, with research that 
dates back over 200 years. Commercial disputes have 
arisen over measurement differences of 0.1µm, so 
considerable research has gone into finding accurate 
and repeatable measurement techniques, with new 
technologies evolving over the years.

Projection microscope (PM)
For PM measurements the fibres are cut using a 
microtome or guillotine to around 2mm and spread 
onto a glass slide. The slide is placed under a micro-
scope that projects the image onto a screen. A ruler is 
used to measure the diameter of each fibre. Typically 
the fibres are measured at a rate of 200fibres/hr. The 
disadvantages of the technique include:

•  Operator bias;
•  Sample preparation bias;
•  Microscope bias (many instruments are old designs 

of varying optical quality);
•  Straight elliptical fibres roll onto their broad side;
•  Slow and expensive;
•  Unable to accurately measure fibre diameter <5µm;
•  Not enough fibres can be measured for statistically 

accurate results.

Scanning electron microscope (SEM)
A SEM is required to measure the diameter of ultra-
fine fibres, which appear as a faint blur on the optical 
PM due to the wavelength of light (0.4-0.65µm). It 

has similar disadvantages to the PM as well 
as additional disadvantages:

•  Fibres must be gold coated, which 
increases sample preparation time 
and provides a further source of 
preparation bias.

•  If the coating is inadequate, the fibre 
can swell at the measurement point 
and cause an incorrect reading. 

•  SEM is expensive to purchase and 
maintain.

Airflow
To provide faster and more repeatable measure-
ments, the Airflow (or Micronaire) instrument was 
developed in the 1940s. Airflow works on the prin-
ciple of measuring the pressure drop of air forced 
through a precise mass of randomised fibre web. The 
disadvantages of airflow include:

•  No diameter distribution is obtained;
•  Mean diameter is biased by packing quality and 

standard deviation (SD) of fibre diameter;
•  Non-linear calibration;
•  Inaccurate for blends of fibres and hollow fibres, 

such as cotton;
•  The instrument and air source must be carefully 

maintained.

Optical fibre diameter analyser (OFDA)
In 1991, the OFDA100 instrument was released. 
The OFDA uses a video camera mounted on a mi-
croscope to measure the diameter of fibre snippets 
that are spread onto a 70mm x 70mm glass slide.1 A 
propriety software algorithm measures the diameter 
to a fraction of a pixel. The instrument has proven 
extremely robust and repeatable. Advantages include:

•  High long-term repeatability, better than +/-0.1µm;
•  Measures diameter distribution;
•  Linear calibration of 4-300µm;
•  Fast measurements - up to 40,000fibres/min;
•  Measures fibre curvature as well as diameter.

Cottonscope (CS)
The OFDA technology was combined with an algo-
rithm for measuring cotton maturity from Australia’s 
Commonwealth Scientific and Industrial Research 
Organisation (CSIRO). The concept of measuring 
fibres in a water bowl was developed and named Cot-
tonscope (CS).2,3 CS is an optical system using two 
coloured LEDs and a colour camera was invented 
that allowed accurate measurement of the birefrin-
gence of individual fibres. CottonscopeHD (CSHD) 
evolved from CS, but it has a monochrome camera, a 
single colour LED and measures diameter at a higher 
resolution.

Below - Figure 1:  
The CottonscopeHD (CSHD)  
instrument.



CottonscopeHD (CSHD)

The CSHD instrument can be used to measure most 
glass, synthetic, animal and cotton fibres. It fits neatly 
on top of a sturdy bench-top (Figure 1). It weighs 
<4kg and its dimensions are 360mm x 180mm and 
260mm high. A computer connects via two USB 
cables and the control programme runs on the Win-
dows 7 system.

An illustration of the CSHD function schematic 
is shown in Figure 2. Fibres are cut using a guillotine 
or minicore device to a length of 0.7mm, the optimal 
length for fibre dispersion and analysis. Fibres that 
are not perpendicular to the gap will be longer than 
0.7mm, but this does not cause any bias in the diam-
eter measurement. 

The fibres are dropped into a water bowl (3) where 
a magnetic stirrer is employed to disperse the fibres. 
Distilled or filtered water is preferred. Some fibre 
types may require a longer stirring time or a low-foam 
surfactant additive (5mL) to improve dispersion. Dif-
ficult to disperse samples can be dispersed in another 
bowl and then poured into the measurement bowl.

The fibres pass through a gap (4) between a right 
angled prism and a glass window, where images are 
captured by a digital camera (7) using light from a 
strobed LED source (5). The images (Figure 3) are 
captured using a custom-designed optical system (6) 
to obtain a large depth of field that a standard micro-
scope does not provide. 

After a predetermined number of fibres have been 
measured, the water containing the fibres drains out 
automatically into the reservoir (1) through the re-
movable filter (4) and clean water is pumped (2) into 
the bowl (3), ready for the next measurement cycle.

The camera captures 50images/sec and every image 
is analysed in real time. Each fibre is detected and a 
mean diameter is calculated from multiple points 
along its length. Other measurements performed 
include curvature and fibre length. The information 
is displayed in real-time on the computer screen and 
saved to the hard drive as mean/distribution and 
individual fibres. A proprietary sub-pixel algorithm 
that was developed in 1990 by Mark Brim is essential 
to the accurate measurement of diameter over a wide 
range of focus and light levels. The algorithm is also 

employed by OFDA instruments. 
Figure 4 illustrates the repeatability of the diam-

eter measurement. The sample is fibreglass of mean 
diameter 10.4µm and a SD of 1.9µm. The mean di-
ameter is calculated from 3000 fibres in a laboratory 
environment with no bright external lights (such as 
sunlight) on top of the bowl. The result is a between-
measurement SD of 0.036µm. 

Comparison between CSHD and OFDA5000
A diameter comparison was performed between 
the water-based CSHD and the dry glass slide based 
OFDA5000 measurement (Figure 5). OFDA5000 is 
an automated high-resolution microscope designed 
to measure ultra-fine fibres. It requires the fibres 
to be spread evenly over the surface. Four samples 
of polyester fibres and fibreglass were measured on 
OFDA5000 and CSHD. The correlation between the 
mean diameters was excellent, with r2 = 0.9969.

Fibre diameter distribution
Fibre diameter distribution is the histogram of the di-
ameter of the individual fibres in a sample. For most 
animal, cotton and synthetic fibres, the histogram is 
stored in a 1µm bin size. To allow more accurate his-
tograms of ultra-fine fibres, CSHD stores diameters 
in a bin size of 0.2µm. From the histogram, mean, SD, 
finest n% and broadest n% are derived. 

Figure 6 shows why the premium segment of the 

GLOBAL INSULATION

www.GlobalInsulation.com Global Insulation  Section  March 2015                DRAFT

Below - Figure 4: Repeatability 
graph of a fibreglass sample 

measured 70 times.
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Above - Figure 2:  
CottonscopeHD instrument 

function schematic.
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Below left - Figure 3: A typical 
image captured on the CSHD of 

insulation fibres.
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textile industry has moved away from using airflow 
measurement, which does not provide diameter 
distribution. Samples with a higher SD of diameter 
need more fibres measured for accuracy. The 95% 
confidence limit (CL) of mean diameter for n meas-
urements from a normal distribution is:

95% CL = +/- 1.96 x SD / √ (n)

For example, on a fibreglass sample with a SD of 
4µm, 100 fibre measurements gives: 

95% CL = +/- 0.78 um

Using fibreglass for filtration, Bauer states that di-
ameter distribution contributes appreciably to media 

performance properties, most notably filtration 
efficiency and pressure drop.4 Fibre samples 

with the same mean diameter can behave 
very differently with varying diameter 
distribution. For example, 1m of a yarn of 

1000 fibres of mean diameter of 10µm and a SD 
of 4µm will weigh 11.5% more than a sample with 

a mean of 10µm and a SD of 2µm.

Fibre curvature, bulk and resistance to 
compression 
Fibre curvature is measured on a 200µm portion 
of the snippet and is expressed in °/mm. A straight 
fibre will have a curvature of 0°/mm. In Figure 7, 
the fibre portion is 1mm long and the angle A is in 
°, so the curvature is A°/mm. Curvature is measured 
to a resolution of 1°/mm and produces a histogram 
printout in bins of 8°/mm. Mean curvature and SD 
of curvature are calculated to 0.1°/mm. Both OFDA 
and CSHD measure curvature this way, but due to the 
different fibre presentation, the curvature measure-
ments will differ. Curvature measurement is highly 
dependent on sample preparation.

Traditionally, the bulk of wool is measured using 
a loose fibre bulkometer (Figure 8), which consists 
of a cylinder into which a known weight of wool is 
placed followed by a weighted piston. The defection 
of the piston is measured manually to measure the 
resistance to compression. This process is difficult, 

time-consuming and highly dependent on sample 
preparation. Bulk can be also predicted for wool 
using a simple formula based on the OFDA measure-
ments (Figure 9):5

Bulk = A + B x MFD x CURVE

MFD = mean fibre diameter (μm)
CURVE = mean curvature (°/mm)

The behaviour of fibreglass is expected to be dif-
ferent to wool, particularly if the fibres break under 
compression.

Measurement of sub-micron graticule lines
It would seem improbable that fibres or graticule lines 
with diameters smaller than the wavelength of light 
could be measured accurately with an optical system, 
which could explain why a graticule with line widths 
<2µm could not be obtained. A custom graticule 
was fabricated 
with line widths 
of 0.1-1µm, 
2-5µm, 10µm, 
20µm and 
50µm. The lines 
were made of 
metal deposited 
on glass and 
verified by SEM.

M e a s u r e -
ments were 
made using the 
CSHD opti-
cal system and 
me asu re me nt 
algorithm, but 
the measure-
ments were 
taken in air 
instead of water. 
The 0.1µm line 
was not meas-
ured since it was 
below the elec-

Right - Figure 8: The loose fibre 
bulkometer is the traditional 
method used to measure the 
bulk of wool.
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Above right - Figure 5: 
Diameter comparison between a 
water-based CSHD and dry slide 
based OFDA5000 measurement.

Order Code LFB:001Loose Fibre Bulkometer
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Low Pressure (20Pa)
Bulkometer

The Low Pressure
Bulkometer is intended to
measure, under low pressure,
the bulk of loose wool and
feather fills for over-body bed-
ding and pillows in their new,
as manufactured, state.

The apparatus consists of a
transparent cylinder and has

two graduated metric scales
on the outer circumference.
The mass of the piston is
designed to produce a load
of 20 Pa over the area of the
cylinder, and a further mass is
used to add a further load to
give 60 Pa.

Order Code LFB:LOW

A device designed to quickly
measure the bulk and
resilience of staple fibres. Bulk
is a good predictor of cover in
carpets, loftiness in hand-knit-
ting yarns, filling capacity in
quilts etc.

Test Method
Samples are washed in sol-

vent to remove any residual
grease, conditioned for 4-5
hours, and then hand carded.
A 10g sample is selected and
placed in the cylinder. A
weighted piston compresses
the sample in a cycling proce-
dure until a reading can be
taken which indicates the fibre
bulk. The recovery of the fibres
from compression, or their
'resilience', is related to their
bulk under different loads.

Above - Figure 7: Curvature 
angle measurement.

Above - Figure 6: The impor-
tance of diameter distribution 
for textile fibres.

CSHD measured raw width (µm) CSHD measured raw width (µm)
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tronic noise level. The LED light source 
had a wavelength of 0.625µm. Figures 10 
and 11 show the measurement results.

Interestingly, the graph of SEM vs 
CSHD width shows the quantum nature 
of light in one curve: Photons behave as 
particles in the linear part of the graph at 
>4µm and behave increasingly as a wave 
below this point. The custom optical 
system of CSHD influences the shape of 
the curve, while the paradoxical nature 
of quantum mechanics actually provides 
a higher width for graticule widths less 
than the wavelength of light. As such, the 
wave-nature of light assists rather than hinders the 
ultra-fine measurement. 

The diameters of animal fibres, cotton and most 
synthetic fibres lie in the linear part of the graph, 
so the OFDA and CS both use a linear calibration. 
CSHD uses an advanced calibration technique to 
combine both the linear calibration and the curved 
calibration. The reasons a graticule cannot be used as 
the final calibration are:

•  A graticule line has a different cross section and 
transparency to a fibre;

•  It is very difficult to measure within the water gap at 
different focus points;

•  Graticule lines do not mimic the complex effects of 
pattern recognition of fibres at varying angles and a 
wide distribution.

The graticule is used as a starting point for the 
calibration and the final calibration is performed 
with glass or polyester fibres with a known diam-
eter, measured using PM or SEM. CSHD allows the 
customer to calibrate with their own samples, so the 
measurements agree with their own reference.

Conclusion
CSHD measures ultra-fine fibres rapidly and accu-
rately. It reduces fibre handling, contamination and 
clean-up. CSHD provides the following advantages:

•  Customers can develop superior fibres that meet 
strict specifications and satisfy high performance 
requirements;

•  Greater control of fibre quality and avoidance of 
costly mistakes at the manufacturing stage;

•  Reliable monitoring and timely detection of defects 
for scheduling repairs and maintenance.
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Far left - Figure 10: CSHD vs 
SEM measurement of  

graticule line width 0.2-5.0μm.

Left - Figure 11: CSHD vs SEM 
measurement of  

graticule line width 0.2-50μm.

CSHD measured raw width (µm) CSHD measured raw width (µm)
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Left - Figure 9: The relationship 
between OFDA estimated bulk 

and the measured bulk.

y = 2.1023x - 2.8526 
R2 = 0.9998


