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Abstract In the field of cellulose nanofibers (CNF),

the determination of their nano-scale fibre diameters is

crucial for characterising thematerial and helping end-

users compare different products available on the

market. Yet, measuring CNF diameters from micro-

scopy images is often a tedious task due to the limited

field of view at high magnification, high fibre counts

and complex entanglement of fibre networks. In this

work, the effect of measuring all fibres in an entire

image, 100 representative fibres in an image and all

fibres in a reduced area of an image were investigated.

Two CNF samples were analysed: a coarser more

heterogeneous fibre sample and a finer more homoge-

neous fibre sample. Four high magnification images

were analysed per sample. Different people (opera-

tors) were given the same task of measuring the fibres

to study the effect of operator bias. All fibres from all

images were first measured by Operator 1 (main

operator) to determine the baseline distribution.

Operators 2 and 3 were tasked with selecting and

measuring 100 representative fibres from each image.

The results showed that when the operators were asked

to select fibres, they showed consistent bias towards

larger fibres thus rendering the results unreliable. A

more promising approach was found when Operators 2

and 3 analysed all fibres within a reduced area within

an image. This showed a maximum deviation from the

baseline fibre diameter distribution of 9 nm for the

coarser more heterogeneous sample and 2 nm for the

finer more homogeneous sample. Statistical analysis

showed that approximately 150 fibres needed to be

measured in order to obtain representative results,

provided all fibres within the selected area were

measured. Kruskal–Wallis statistical testing also

showed that the technique of measuring all fibres in

a reduced area of an SEM image yielded more

representative results to the baseline distribution

compared to the technique of measuring 100 repre-

sentative fibres. The results here provide the founda-

tion for future accurate measurements of CNF

diameter distributions.
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Introduction

Comprehensive understanding of cellulose nanofiber

(CNF) dimensions is necessary for proper character-

isation of the material and understanding differences

among the varieties available on the market and those

produced in labs. This is necessary to track CNF

development with processing to ensure that the

production of CNF is of a consistent quality (Osong

et al. 2016). The variation in fibre sizes, fibre

morphology and formation of aggregates greatly

affect performance in applications such as papermak-

ing or as barriers (Osong et al. 2016). Common

measures of fibre quality include fibre diameter

(Zhang et al. 2012), fibre aspect ratio (Raj et al.

2016), surface charge (Dimic-Misic et al. 2018),

crystallinity (Mandal and Chakrabarty 2011), specific

surface area (Spence et al. 2010) and degree of

polymerisation (Iwamoto et al. 2007).

One of the most important measures of CNF fibre

quality is the fibre diameter distributions. For exam-

ple, the CNF diameter is a critical parameter for

applications such as CNF spray coating systems, to

prevent nozzle clogging (Shanmugam et al. 2018).

Microscopic imaging is the most widely used method

used for CNF diameter evaluation (Kangas et al.

2014). These techniques include scanning electron

microscopy (SEM) (Abe and Yano 2009; Chaker et al.

2013; Henriksson et al. 2008), transmission electron

microscopy (TEM) (Bhatnagar and Sain 2005; Habibi

et al. 2009; Isogai 2013) and atomic force microscopy

(AFM) (Baati et al. 2018; Ding et al. 2019; Santucci

et al. 2016).

With conventional macroscopic wood pulp fibres,

measurements of fibre diameters are typically per-

formed with fibre analyser instruments (Chen et al.

2019). However, these industrial instruments are

limited to the micron-scale nature of wood fibres and

cannot accurately resolve the nano-scale dimensions

of CNF. Gel point analysis techniques have been

developed for CNF to estimate their aspect ratio

(length/diameter) (Varanasi et al. 2013) but do not

provide accurate and detailed fibre diameter distribu-

tions. Dynamic light scattering (DLS) experiments

have also been investigated to track the changes in

CNF fibre dimensions with processing (Errokh et al.

2018). However, criticisms are often raised at the

assumed spherical morphology of the CNF necessary

for DLS measurements (Errokh et al. 2018), which is

contradictory to the well-established thin and highly

entangled structure of CNF. As such, powerful

microscopic imaging technique such as SEM, TEM

and AFM are often utilised to resolve the nano-scale

nature of CNF.

Challenges with microscopy images include their

limited field of view at very high magnification. This

raises questions of how representative smaller images
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are of a larger fibre sample (Kangas et al. 2014).

Microscopy image analysis is also very time-consum-

ing (Kangas et al. 2014; Osong et al. 2016) which

requires delicate sample preparation techniques such

as gold (Mandal and Chakrabarty 2011), carbon (Siró

et al. 2011) and iridium (Jiang et al. 2017) coating

prior to observation. A trade-off often exists with the

concentration of fibres used during imaging and the

resulting diameter measurements. Too low a fibre

concentration will produce samples with too low a

fibre count to be representative of the larger distribu-

tion. Images taken at too high a sample concentration

causes challenges with analysing the highly entangled

fibre networks and measuring all fibres.

Computerised image analysis programs such as

Diameter J have been developed for the measurement

of steel wire nanofibre diameters (Hotaling et al.

2015). However, unlike steel nanofibres which have

relatively smooth fibre edges, CNF have the added

complexity of exhibiting varying degrees of fibrilla-

tion along their fibre edges. This introduces issues with

computerised image segmentation due to the varying

levels of contrast throughout the image from the

overlapping and entwined nature of the CNF. Besides

that, program limitations such as the under-represen-

tation of larger fibres compared to smaller fibres have

also been noted which leads to a bias weighted average

measurement (Hotaling et al. 2015). To date there are

no effective methods for measuring CNF diameters

from microscopy images. This further emphasises that

more research is necessary to improve the accuracy

and reproducibility of results. From the literature, the

determination of CNF diameters from image analysis

has been approached and reported using four different

methods, with increasing levels of complexity.

At the first and lowest level of complexity, an

estimated range of fibre diameters is inferred from

observations and basic measurements with micro-

scopy images. Examples of this in the literature

include, nanofibrillated cellulose from hardwood kraft

pulp with diameters in the range of 15–45 nm (Taheri

and Samyn 2016), microfibrillated cellulose diameters

from softwood kraft pulps with diameters in the range

of 20–90 nm (Taniguchi and Okamura 1998), CNF

from wheat straw hulls with diameters in the range of

10–80 nm (Alemdar and Sain 2008) and CNF from

soybeans with diameters in the range of 50–100 nm

(Wang and Sain 2007). This method lacks a high level

of statistical analysis but has the advantage of being

simple to execute. It is often used to confirm the

presence of CNF and describe features as opposed to

thoroughly tracking the change in fibre diameters with

progressive treatments.

At the second level of complexity, basic statistics

such as mean or average fibre diameter are calculated

from measuring a selected number of fibres. Examples

of this in the literature include cellulose nanofibres

from stone groundwood pulp with an average diameter

of 33.7 nm from measuring 18 fibres (Delgado-

Aguilar et al. 2016), cellulose nanofibres from ther-

momechanical pulp with an average diameter of

12.9 nm from measuring 100 fibres (Diop et al.

2017), and cellulose nanofibrils from cotton pulp with

an average diameter of 394 nm from measuring 15

fibres (Karande et al. 2011). This method has an added

benefit of using statistical analysis to better describe a

measure of central tendency. However, there may be

selection bias from measuring a limited number of

fibres. Problems might also arise from bias towards

noticeably smaller or larger fibre diameters to support

a particular hypothesis. Further, the use of mean or

average fibre diameter is not always a robust measure

of central tendency. The heterogeneous nature of

many CNF samples with a high number of liberated

microfibrils and a lower number of larger fibre bundles

(Delgado-Aguilar et al. 2016) often results in a high

degree of skewness. This causes an asymmetrical

distribution which reduces the utility of the mean fibre

diameter alone.

At the third level of complexity, a selected number

of fibres in an image are measured and their diameter

distributions are plotted as histograms to describe the

spread of data. This histogram method has the

advantage of being able to express a wide range of

data points and frequency peaks, compared to a single

measure of mean. One study utilised this technique to

track the change in CNF diameter distributions with

increasing homogenisation treatments (Raj et al.

2016). The authors measured 50 observable fibres

from one SEM image per fibre sample and plotted a

frequency versus fibre bin centre histogram distribu-

tion (Raj et al. 2016). In another study, 71 and 161

cellulose nanofibres were measured from an SEM and

TEM image, respectively (Wang et al. 2012). His-

tograms were then plotted as a percentage distribution

versus the range of fibril diameter bins. However,

concerns are still raised at the selection bias of a few

fibres to adequately express an entire distribution,
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although the use of a histogram is helpful to describe a

wider spread of data.

At the fourth level of complexity, all fibres in an

image are measured and repeated for multiple images.

The CNF distributions are plotted as histograms and

statistical analysis is performed. One study produced

two CNF samples from a valley beater and a shaker

mill (Zhang et al. 2012). Multiple SEM images were

taken at different magnifications for both samples. All

fibres within each SEM image were measured. The

results were then plotted as a histogram distribution

with a total of 398 fibres for the valley beater sample

and 123 fibres for the shaker mill sample (Zhang et al.

2012). In our previous study, multiple CNF samples

were produced from various combinations of refining

and homogenisation (Ang et al. 2019). One low

magnification SEM image (to capture the coarser

fibres) and four high magnification SEM images (to

capture the finer CNF fibres) were taken for each

sample, with total measurements of up to 4000 fibres

for some samples (Ang et al. 2019). Histograms of

frequency (counts/m2) versus bin centre fibre diameter

were plotted. Statistical analysis performed resulted in

very positive skewness and kurtosis values, indicative

of an asymmetrical distribution. This is consistent with

the heterogeneous nature of many CNF samples.

While this method of analysis avoids bias fibre

selection, it was very time-consuming and tedious to

perform.

In summary, there are multiple methods for the

determination of CNF diameters from image analysis,

each with varying degrees of complexity. However,

much is still unknown regarding the number of fibres

in an image that need to be measured to obtain an

accurate distribution. It is also uncertain if measuring a

few randomly selected fibres is sufficient to accurately

describe a distribution. Other questions include, would

measuring all fibres in a reduced area of a single image

still result in representative results. Besides that, not

much is known regarding the effect of using different

operators to analyse similar images on the fibre

diameter distribution.

In this study, we investigated the effect of manually

measuring all fibres in an image, 100 representative

fibres in an image and all fibres in a reduced area of an

image by people (operators). The measurements of all

fibres in an image were first performed by Operator 1

to obtain a baseline distribution. Two independent

operators (Operators 2 and 3) were given instructions

to measure 100 representative fibres in an image and

all fibres in a reduced area of an image. The results

here show a promising method to improve the analysis

of fibre diameter distribution for CNF

characterisation.

Experimental

CNF sample production

Two samples of CNF were produced from never-dried

bleached eucalyptus kraft (BEK) pulp. This pulp was

refined in a PFI mill refiner in accordance with the

TAPPI T248 sp-00 standard and high-pressure homo-

genised in a GEA Niro Soavi PANDAPLUS 2000

operating at 1000 bar pressure at 1 wt% consistency.

The first sample was processed for 10,000 PFI mill

revolutions and 1 high-pressure homogenisation pass,

and is referred to as the 10K1P sample. The second

sample was processed for 50,000 PFI mill revolutions

and 3 high-pressure homogenisation passes, and is

referred to as the 50K3P sample. This allowed for the

comparison of two different types of CNF. A coarser

more heterogeneous 10K1P fibre sample and a finer

more homogeneous 50K3P fibre sample.

It is worth noting that within the context of this

research, the term ‘‘coarser’’ is in reference to the

nano-sized CNF with the less processed 10K1P

sample. This term is not in reference to the largely

unbroken micron-sized fibres in the sample which can

be viewed under an optical microscope and are

significantly fewer in number compared to these

nano-sized CNF.

Scanning electron microscopy (SEM) imaging

The 10K1P and 50K3P fibre samples were diluted to a

0.001 wt% suspension concentration. A single drop of

each suspension was cast on a silicon chip and left to

air dry. The dried samples were then coated with

iridium prior to imaging. Both samples were observed

under an FEI Magellan 400 XHR FEGSEM fitted with

a monochromator and operating at a 3.0 kV spot size

and 6.3 pA current.

For each sample, four high magnification SEM

images were taken. The 8 images across both samples

were labelled 10K1P-A, 10K1P-B, 10K1P-C, 10K1P

D, 50K3P-A, 50K3P-B, 50K3P-C and 50K3P-D. To
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allow for a direct comparison, all 8 images were taken

at the same 60,000 magnification, had the same

horizontal field width of 3.45 lm, with a fixed 1 lm
length scale bar and an image area of 7.395 9 10-12

m2.

Diameter distribution from SEM image analysis

All fibre diameters were manually measured as image

pixels using Image J processing software then corre-

lated to a pre-determined pixel-to-length scale to

obtain measurements in nm. Each image was anno-

tated to mark the measured fibres. Three different

people (operators) were involved with this measure-

ment process.

Operator 1 (main operator), counted and measured

all observable fibres from all SEM images for each

sample. In total, 2946 fibres were measured across all

four images of the 10K1P sample and 4723 fibres were

measured across all four images of the 50K3P sample.

For each sample, the fibre diameter distribution was

plotted as a histogram of relative frequency (%) versus

bin centre for fibre diameter. For consistency and easy

comparison between the fibre samples, all histograms

plotted had the same 5 nm bin sizes on the x-axis and

relative frequency scale on the y-axis.

The variation in fibre diameter distribution between

the separate A, B, C and D images for each sample was

then investigated. Separate histograms were plotted

for each of the fibre distributions measured in an SEM

image. This allowed for the comparison between the

different 10K1P images of A (721 fibres), B (888

fibres), C (605 fibres) and D (732 fibres); and 50K3P

images of A (981 fibres), B (1161 fibres), C (1229

fibres) and D (1352 fibres).

In the next study, two independent operators

(Operator 2 and Operator 3) were given the instruc-

tions to pick and measure 100 representative fibres in

each SEM image for all 8 images. This also allowed

for the investigation of operator bias when different

operators tasked with the same objective. Results here

were plotted into histograms with the same axes as the

previous section.

Finally, the fibres in the top-left quadrant of each

SEM image were measured. The isolated quadrant had

an image area of 2.15 9 10-12 m2, consistent for all 8

images. Operators 2 and 3 were only given the

instructions to count and measure every fibre in the

isolated quadrant for each image. The aim was to

investigate the effect of measuring all fibres in a

reduced area of an image on the diameter distribution,

while avoiding bias in fibre selection. As with the

previous section, the results were plotted into his-

tograms with the same axes to allow for the compar-

ison between different operators.

Figure 1 shows an example of annotated images

from measuring all fibres in an image (Fig. 1a), 100

representative fibres in an image (Fig. 1b) and all

fibres in the top-left quadrant in an image (Fig. 1c).

The annotated images from measuring all fibres in an

image were published in our previous study on CNF

sheet strength (Ang et al. 2019). All annotated images

from measuring 100 representative fibres and all fibres

in the top-left quadrant can be found in the supple-

mentary material.

In this study, the manual measurement of all fibres

in an SEM image required about 1.5–2 h on average

per SEM image. The manual measurement of 100

representative fibres in an SEM image required about

10–15 min on average per SEM image. The manual

measurement of all fibres in the top-left quadrant

(reduced area) of an SEM image required about

20–25 min on average per SEM image.

Measures of central tendency and moving median

analysis

Descriptive statistics were performed for all samples

to determine their measures of central tendency. This

includes the measures of minimum, maximum,

median, arithmetic mean, standard deviation, skew-

ness and kurtosis for each case. Then, a moving

median analysis was conducted by plotting the median

fibre diameter as a function of fibre counts for all

cases. This was done with the goal of determining the

minimum fibre counts necessary for the median to

converge to a value.

Kruskal–Wallis-1-way-ANOVA on ranks H test

Statistical testing was performed using the Kruskal–

Wallis-1-way-ANOVA on ranks H test (referred to as

the Kruskal–Wallis test). The Kruskal–Wallis test is a

non-parametric test (does not assume a normal distri-

bution) which makes it suitable for the fibre distribu-

tions in this study. Briefly, the Kruskal–Wallis test

(McDonald 2009) ranks the data sets within a group

and between groups to determine if different groups
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have similar distributions. This allows for the com-

parison between two or more groups, regardless of the

sample size.

The Kruskal–Wallis test provides a H-statistic

value for every comparative test performed. This

H-statistic value is compared to a standard v2 value

(determined at an alpha level, a of 0.01 and is a

function of the number of degrees of freedom, d.f.).

A H-statistic value v2 value means that the null

hypothesis is rejected, and all groups are not similarly

distributed. A H-statistic value\ v2 value means that

the null hypothesis cannot be rejected, and all groups

are similarly distributed. The magnitude of the

H-statistic value is used to compare between distribu-

tions at the same degree of freedom. A full detailed

explanation of this test can be found at (McDonald

2009).

In this study, a Kruskal–Wallis test was first

performed to compare between the baseline (mea-

surement of all fibres from all images) distribution of

the 10K1P sample and the 50K3P sample by Operator

1. This test was referred to as T1, the overall test.

Then, 14 Kruskal–Wallis tests were performed to

compare between the individual images and groups of

images from measuring all fibres in an image by

Operator 1 for the 10K1P sample (tests T2–T8) and

50K3P sample (tests T9–T15), respectively. Detailed

information regarding the description of each test can

be found in Tables 4 and 5 in the ‘‘Results and

discussion’’ section.

Lastly, 32 Kruskal–Wallis tests were performed

comparing within and between the groups of operators

(Operators 2 and 3), images (A, B, C and D) and

methods (measure all fibres in an image, measure 100

representative fibres in an image, measure all fibres in

the top-left quadrant of a reduced area of an image)

versus the baseline distribution for the 10K1P sample

(tests T16–T31) and 50K3P sample (tests T32–T47),

respectively. Detailed information regarding the

description of each test can be found in Table 6 and

7 in the ‘‘Results and discussion’’ section.

Results and discussion

SEM Imaging

Figures 2 and 3 shows the original four high magni-

fication SEM images taken for the 10K1P and 50K3P

sample, respectively. As shown in Fig. 2, 10K1P

treatments resulted in a coarser and more heteroge-

neous mixture of both large and small CNF. The

entanglement of both larger and smaller fibres is

prevalent in all images shown. From Fig. 3, the 50K3P

treatments resulted in a more homogeneous mixture of

finer CNF. The high number of finer fibres also

resulted in a highly entangled structure.

Measures of central tendency for all fibre diameter

distribution

Tables 1 and 2 shows the results from statistical

analysis of fibre diameter distribution for the 10K1P

and 50K3P sample, respectively. The histograms for

all cases are shown in Figs. 4, 5, 6 and 7, and are

discussed in the later sections of the discussion.

As can be seen, all distributions in Tables 1 and 2

had very positive skewness values. Skewness is

measure of how asymmetrical a distribution is com-

pared to a normal distribution which has a skewness of

Fig. 1 Annotated SEM images of 50K3P-B from measuring a all fibres in an image b 100 representative fibres in an image and c all
fibres in the top-left quadrant in an image
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zero. Here, a very positive skewness value indicates

that the distribution has a long right-tail end (shown in

Figs. 4, 5 and 6). This means that there is a much

higher number of smaller-sized fibres, compared to the

relatively lower number of bigger-sized fibres.

All distributions also had large positive kurtosis.

Kurtosis is a measure of how much the tail-ends in a

Fig. 2 Four main SEM images of 10K1P CNF fibres

Fig. 3 Four main SEM images of 50K3P CNF fibres
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distribution differ to the tail-ends of a normal distri-

bution. A large positive kurtosis value indicates a

sharp peak in the data set, which is referred to as a

leptokurtic distribution. This is also evidence of a

notably higher number of smaller-sized fibres and

lower number of bigger-sized fibres.

These skewness and kurtosis values are consistent

with an asymmetrical distribution. This is also

expected by the larger standard deviation values

compared to arithmetic mean diameter values for

many cases. Accordingly, the median diameter was

instead chosen as a more representative measure of

central tendency as it is robust in the presence of

outliers. The median diameter also forms the basis of

comparison between the separate studies and was

discussed in the following sections of this paper.

Distribution from measuring all fibres in all SEM

images

Figure 4a, b shows the diameter distribution from

measuring all fibres in the four SEM images for the

10K1P and 50K3P sample, respectively. The 10K1P

sample had a mode of 10–15 nm, while the 50K3P had

a higher proportion of smaller fibres with a mode of

5–10 nm. In both samples, 60% to 75% of fibres had

diameters in the 5–20 nm range. The relative fre-

quency of fibres greater than 45 nm was higher with

the 10K1P sample compared to the 50K3P sample, as

13% of the 10K1P sample had fibre diameters greater

than 45 nm. These results support the higher degree of

heterogeneity with the 10K1P sample, shown in

Fig. 2.

Table 1 Statistical analysis of 10K1P fibre diameter distribution

Operator Image (s) Median

diameter (nm)

Skew-

ness

Kurt-

osis

Min

diameter

(nm)

Max

diameter

(nm)

Arithmetic mean

diameter (nm)

SD

(nm)

Sample size

(counts)

All fibres in each SEM image

1 A 20 4 21 6 267 28 26 721

B 15 5 36 4 291 22 24 888

C 17 6 54 4 392 26 31 605

D 18 3 11 6 213 28 26 732

All fibres in all four SEM images (baseline)

1 A,B,C,D 17 5 34 4 392 26 27 2946

100 Representative fibres in each SEM image

2 A 20 1 1 8 69 25 14 100

B 21 5 36 8 226 28 26 100

C 18 4 27 7 179 25 21 100

D 19 3 13 5 149 25 21 100

3 A 27 1 1 7 96 31 18 100

B 32 1 2 18 105 38 18 100

C 32 2 6 14 145 39 24 100

D 31 2 4 12 164 42 29 100

All fibres in top-left quadrant in each SEM image

2 A 16 3 12 6 147 23 18 193

B 18 3 9 7 95 22 14 186

C 15 4 26 6 114 18 11 224

D 17 3 11 6 133 23 17 231

3 A 26 2 5 6 125 31 21 219

B 20 2 4 6 122 27 19 209

C 21 2 4 5 122 29 22 205

D 24 2 7 5 152 31 22 208
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As given in Tables 1 and 2, the median fibre

diameters of the 10K1P and 50K3P sample were

17 nm and 13 nm, respectively. For this paper, these

values are labelled the baseline medians, to which the

other studies were compared.

While measuring all fibres from multiple SEM

images eliminates the bias in fibre selection, this

technique is very time-consuming. Hence, two alter-

native methods of measuring 100 representative fibres

and all fibres in a reduced area of the image were

explored, to find a more efficient way to determine a

representative fibre diameter distribution.

Distribution from measuring 100 representative

fibres in each SEM image

Figure 5 shows the diameter distributions from mea-

suring 100 representative fibres in an image by two

different operators (Operators 2 and 3). The results

varied greatly between the different operators for a

given fibre sample. For the 10K1P sample in Fig. 5a, a

mode of 10–15 nm and 15–20 nm was obtained by

Operator 2 depending on which of the four images

were analysed. However, Operator 3’s analysis of the

10K1P sample resulted in very inconsistent distribu-

tions between the different images as shown in

Fig. 5c. For the more homogeneous 50K3P sample,

Operators 2 and 3 obtained a much more consistent

spread of data points between the four images

Table 2 Statistical analysis of 50K3P fibre diameter distribution

Operator Image (s) Median

diameter (nm)

Skew-

ness

Kurt-

osis

Min

diameter

(nm)

Max

diameter

(nm)

Arithmetic mean

diameter (nm)

SD (nm) Sample size

(counts)

All fibres in each SEM image

1 A 12 5 33 3 158 15 12 981

B 13 6 61 3 228 17 15 1161

C 13 5 39 3 203 17 15 1229

D 12 6 66 2 298 17 18 1352

All fibres in all four SEM images (baseline)

1 A,B,C,D 13 6 60 2 298 17 15 4723

100 Representative fibres in each SEM image

2 A 18 3 13 8 79 20 10 100

B 16 3 9 5 68 19 10 100

C 15 2 10 8 55 16 7 100

D 16 1 3 6 45 17 7 100

3 A 25 2 3 10 76 28 11 100

B 25 2 10 10 86 26 10 100

C 24 7 59 11 207 28 21 100

D 23 3 9 9 101 26 14 100

All fibres in top-left quadrant in each SEM image

2 A 13 3 12 5 66 15 8 207

B 12 1 2 5 29 13 4 220

C 12 2 8 5 49 14 7 301

D 12 4 29 5 83 14 7 302

3 A 13 2 5 2 53 14 7 207

B 11 1 2 2 33 13 5 209

C 13 9 102 3 203 16 16 211

D 14 3 11 3 94 17 12 212
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compared to the 10K1P sample. However, their modes

still differed from one another as shown in Fig. 5b, d;

with Operator 3 consistently measuring larger fibres

compared to Operator 2.

From Table 1, measuring 100 representative fibres

for the four 10K1P images by Operator 2 resulted in

median diameters of 20 nm, 21 nm, 18 nm and

19 nm, compared with median diameters of 27 nm,

32 nm, 32 nm and 31 nm for the four 10K1P images

from Operator 3. Here, a maximum error of 4 nm and

15 nm was obtained for Operators 2 and 3 respec-

tively, compared to the baseline median of 17 nm. For

the 50K3P sample in Table 2, the median diameters

from the four images were determined to be 18 nm,

16 nm, 15 nm and 16 nm from Operator 2’s measure-

ments and 25 nm, 25 nm, 24 nm and 23 nm from

Operator 3’s measurements. Operator 2 and Operator

3 had a maximum error of 5 nm and 12 nm, respec-

tively compared to the baseline median of 13 nm.

Overall, it was observed that when tasked with

measuring 100 representative fibres, both operators

were consistently biased to measuring the larger fibres.

Operator 3’s measured diameters were also noted to be

much larger than Operator 2’s measured diameters

regardless of the heterogeneity of the sample. Here,

the technique of measuring 100 randomly selected

representative fibres was shown to be very prone to

operator bias and resulted in inconsistent and non-

representative fibre diameter distributions.

Distribution from measuring all fibres in top-left

quadrant in each SEM image

The diameter distributions frommeasuring all fibres in

the top-left quadrant in each SEM image are shown in

Fig. 6. When comparing Figs. 6c to Fig. 5c in the

previous section, it becomes evident that Operator 3’s

distributions were more consistent when measuring all

fibres in a reduced area compared to measuring 100

representative fibres. Also, the distributions for Oper-

ator 3 (Fig. 6c) muchmore closely resembled those for

Operator 2 (Fig. 6a), unlike the previous case of

Fig. 5a, c. For the more homogeneous 50K3P sample,

both operators had very similar modes as shown in

Fig. 6b, d from measuring all fibres in the reduced

area.

Statistical analysis from measuring all fibres in the

top-left quadrant in Table 1 and 2 also produced

results that were closer to the baseline distribution,

than the 100 fibres approach. For the 10K1P sample in

Table 1, median fibre diameters of 16 nm, 18 nm,

15 nm and 17 nm were obtained for Operator 2 and

26 nm, 20 nm, 21 nm and 24 nm were obtained for

Operator 3, for the four SEM images. These values

here were much closer to the baseline median of

17 nm, than when 100 representative fibres were

measured. For the more homogeneous 50K3P sample

Table 2, median fibre diameters of 13 nm, 12 nm,

12 nm and 12 nm were obtained for Operator 2 and

13 nm, 11 nm, 13 nm and 14 nm were obtained from

Operator 3, for the four SEM images. These median

Fig. 4 Diameter distribution from measuring all fibres in all four SEM images for a 10K1P and b 50K3P fibres by Operator 1
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values were very close to the baseline median of

13 nm.

Overall, a maximum error of 9 nm and 2 nm was

obtained for the 10K1P and 50K3P sample, respec-

tively using this technique of measuring fibres in a

reduced area. This was a notable improvement com-

pared to the maximum error of 15 nm and 12 nm for

the 10K1P and 50K3P sample when measuring 100

representative fibres.

Clearly, analysing a set area of a SEM image yields

more accurate results compared to analysing 100

representative fibres. Measuring all fibres within the

set area also eliminates operator bias.

Distribution frommeasuring all fibres in each SEM

image

For comparison, the baseline distributions in Fig. 4

were replotted as separate distributions from the

individual images and shown in Fig. 7a, b for the

10K1P and 50K3P sample, respectively. Median

diameters for the 10K1P images were found to be

20 nm, 15 nm, 17 nm and 18 nm. Median diameters

for the 50K3P images were found to be 12 nm, 13 nm,

13 nm and 12 nm. At most, these median values

varied by 17% and 7% from the baseline median

values of the 10K1P fibres and 50K3P fibres, respec-

tively. The technique also required the measurement

Fig. 5 Diameter distribution frommeasuring 100 representative fibres in each SEM image for a 10K1P and b 50K3P fibres by Operator
2 and c 10K1P and d 50K3P fibres by Operator 3
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of all fibres in an entire image which was a very time-

consuming exercise.

Moving median analysis

Figure 8a, b shows the median fibre diameter as a

function of fibre counts from measuring all fibres

within an image for the 10K1P and 50K3P sample,

respectively. From Fig. 8a, the median fibre diameters

were shown to converge after approximately 500

counts for most cases. A similar observation was also

made with the 50K3P sample in Fig. 8b. Interestingly,

the results from both figures also support the previous

claim that measuring in excess of 3000–4000 fibres

frommultiple images did not significantly improve the

accuracy of results.

Figure 9a, b shows the median fibre diameter as a

function of fibre counts from measuring 100 repre-

sentative fibres in an image for the 10K1P and 50K3P

sample, respectively. For Operator 2, the median was

shown to converge after approximately 60 fibre counts

with the 10K1P sample in Fig. 9a. In comparison for

Operator 3, the median fibre diameter was shown to

fluctuate more and only converged after about 80 fibre

counts with the 10K1P sample in Fig. 9a. Both

Operator 2 and Operator 3’s converged median values

were also notably different from one another. For the

more homogeneous 50K3P fibres, the median fibre

diameter was shown to converge after approximately

Fig. 6 Diameter distribution from measuring all fibres in top-left quadrant in each SEM image for a 10K1P and b 50K3P fibres by

Operator 2 and c 10K1P and d 50K3P fibres by Operator 3
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50 fibre measurements for all cases as shown in

Fig. 9b.

Nonetheless, the method of measuring 100 repre-

sentative fibres did not produce accurate results as the

converged median values were larger than those from

the baseline distribution for all images, independent of

the operator.

Figure 10a, b depicts the median fibre diameter as a

function of fibre counts from measuring all fibres in

the top-left quadrant in each image for the 10K1P

sample and 50K3P sample, respectively. From

Fig. 10a, the median fibre diameters of the coarser

10K1P fibres were shown to converge after about 150

fibre measurements for both operators. The difference

between the converged median values of Operator 2

and 3 in Fig. 10a was also smaller compared to those

in Fig. 9a.

Interestingly for the 50K3P fibres, both operators

obtained very similar results as indicated by the

multiple overlapping plots with similar medians in

Fig. 10b. Here, the median was also shown to

converge after approximately 150 fibre measurements.

The results show that the measurement of approx-

imately 150 fibres in a reduced area of an image would

yield representative results, provided all fibres were

measured. This method was noted to be much less

tedious to perform compared to measuring all fibres in

the image.

Fig. 7 Diameter distribution from measuring all fibres in each SEM image for a 10K1P and b 50K3P fibres by Operator 1

Fig. 8 Median fibre diameter as a function of fibre counts for a 10K1P fibres and b 50K3P fibres from measuring all fibres in all four

SEM images and in each SEM image
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Kruskal–Wallis-1-way-ANOVA on ranks H test

The results from the Kruskal–Wallis test for the

10K1P baseline versus the 50K3P baseline are

shown in Table 3 (referred to as T1, the overall

test). The results from the Kruskal–Wallis tests

between the individual images and groups of images

from measuring all fibres in an image by Operator 1

for the 10K1P sample (T2–T8) and 50K3P sample

(T9–T15) are shown in Tables 4 and 5, respectively.

The results from the Kruskal–Wallis test within and

between groups of operators, images and methods

for the 10K1P distributions (T16–T31) and the

50K3P distributions (T32–T47) are shown in

Tables 6 and 7, respectively. As previously men-

tioned in the ‘‘Methods’’ section, a H-statistic value

greater than the v2 value means that the groups do

not have similar distributions while a H-statistic

value less than the v2 value means that the groups

have similar distributions.

Fig. 9 Median fibre diameter as a function of fibre counts for a 10K1P fibres and b 50K3P fibres from measuring 100 representative

fibres in each SEM image

Fig. 10 Median fibre diameter as a function of fibre counts for a 10K1P fibres and b 50K3P fibres from measuring all fibres in top-left

qudrant in each SEM image
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The overall test for the 10K1P baseline distribution

versus the 50K3P baseline distribution in Table 3

resulted in a H-statistic value of 614. This H-statistic

value is significantly larger than the v2 value of 6.63.
This establishes the overall basis that the 10K1P and

50K3P samples have statistically different distribu-

tions. These results are consistent with the more

heterogeneous nature of the 10K1P sample and the

more homogeneous nature of the 50K3P sample as

shown in Figs. 2 and 3, respectively.

The test results from comparing images A versus B

versus C and versus D for the 10K1P sample (T2) in

Table 4 resulted in a H-statistic value of 84.4 which is

significantly larger than the v2 value of 11.3. A similar

Table 3 Kruskal–Wallis test results of the 10K1P baseline distribution versus the 50K3P baseline distribution

Test Description of Kruskal–Wallis test

(overall)

N (no. of observations

across all groups)

H-statistic v2 (a = 0.01, d.f. = 1)

T1 10K1P baseline versus 50K3P baseline 7669 614 6.63

Table 4 Kruskal–Wallis test results of between individual and groups of images for Operator 1 for the 10K1P distributions

Test Description of Kruskal–Wallis test (10K1P) N (no. of

observations across

all groups)

H-statistic v2 (a = 0.01)

Operator 1 (OP1): all fibres in an SEM image (d.f. = 3)

T2 OP1 all fibres in image A versus image B versus image C versus image D 2946 84.4 11.3

Operator 1 (OP1): all fibres in an SEM image (d.f. = 1)

T3 OP1 all fibres in images ABC versus images ABD 4555 3.47 6.63

T4 OP1 all fibres in images ABC versus images ACD 4272 19.5 6.63

T5 OP1 all fibres in images ABC versus images BCD 4439 0.73 6.63

T6 OP1 all fibres in images ABD versus images ACD 4399 6.99 6.63

T7 OP1 all fibres in images ABC versus images BCD 4566 7.34 6.63

T8 OP1 all fibres in images ACD versus images BCD 4283 26.9 6.63

Table 5 Kruskal–Wallis test results of between individual and groups of images for Operator 1 for the 50K3P distributions

Test Description of Kruskal–Wallis test (50K3P) N (no. of observations

across all groups)

H-statistic v2

(a = 0.01)

Operator 1 (OP1): all fibres in an SEM image (d.f. = 3)

T9 OP1 all fibres in image A versus. image B versus image C versus image D 4723 34.5 11.3

Operator 1 (OP1): all fibres in an SEM image (d.f. = 1)

T10 OP1 all fibres in images ABC versus images ABD 6865 5.51 6.63

T11 OP1 all fibres in images ABC versus images ACD 6933 0.87 6.63

T12 OP1 all fibres in images ABC versus images BCD 7113 0.59 6.63

T13 OP1 all fibres in images ABD versus images ACD 7056 2.07 6.63

T14 OP1 all fibres in images ABC versus images BCD 7236 9.72 6.63

T15 OP1 all fibres in images ACD versus images BCD 7304 2.89 6.63
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observation was also made in the case of comparing

images A versus B versus C versus D for the 50K3P

sample (T9) in Table 5. Here, a H-statistic value of

34.5 was obtained which is much larger than the v2

value of 11.3. In both 10K1P and 50K3P cases, the

results indicate that the individual images (A, B, C and

D) did not have similar distributions to one another.

This is an interesting observation given the relatively

similar medians obtained for the 10K1P sample

(20 nm, 15 nm, 17 nm and 18 nm) in Table 1 and

the 50K3P sample (12 nm, 13 nm, 13 nm and 12 nm)

in Table 2, respectively for Operator 1 by counting all

fibres in an image. These results support the notion

that measuring fibres from more than one image is

necessary to adequately describe the true population

distribution of a sample.

The test results from comparing distributions of

groups of images against other groups of images for

the 10K1P sample by Operator 1 in Table 4 resulted in

H-statistic values of 3.5, 19, 0.7, 6.9, 7.3 and 26 for

tests T3–T8, respectively. Here, two tests had statis-

tically similar distributions (T3 and T5), two tests

were very close to being statistically similar (T6 and

T7) with H-statistic values of 6.9 and 7.3 slightly

larger than the v2 value of 6.63, and 2 tests did not

have statistically similar distributions (T4 and T8).

The test results from comparing distributions of

groups of images against other groups of images for

the 50K3P sample by Operator 1 in Table 5 resulted in

H-statistic values of 5.5, 0.9, 0.6, 2.1, 9.7 and 2.9 for

tests T10–T15, respectively. Here, five out of the six

tests resulted in statistically similar distributions (T10,

T11, T12, T13 and T15) with one test very close to

being statistically similar (T14) with a H-statistic

value of 9.7 slightly larger than the v2 value of 6.63.
Overall, the combination of images resulted in a

large majority of tests with statistically similar distri-

butions. This as opposed to considering the distribu-

tions in each image separately (T2 and T9) which was

shown to have different distributions, across all 4

individual images for both 10K1P and 50K3P sam-

ples. These results indicate that by combining the

distributions of all the images together, more statisti-

cally similar and representative results could be

Table 6 Kruskal–Wallis test results within and between groups of operators, images and methods for the 10K1P distributions

Test Description of Kruskal–Wallis test (10K1P) N (no. of observations

across all groups)

H-statistic v2 (a = 0.01,

d.f. = 1)

Operator 2 (OP2): 100 representative fibres in an SEM image

T16 OP2 100 rep. fibres in image A versus 10K1P baseline 3046 7.66 6.63

T17 OP2 100 Rep. fibres in image B versus 10K1P baseline 3046 7.06 6.63

T18 OP2 100 rep. fibres in image C versus 10K1P baseline 3046 0.92 6.63

T19 OP2 100 rep. fibres in image D versus 10K1P baseline 3046 0.22 6.63

Operator 3 (OP3): 100 representative fibres in an SEM image

T20 OP3 100 rep. fibres in image A versus 10K1P baseline 3046 25.8 6.63

T21 OP3 100 rep. fibres in image B versus 10K1P baseline 3046 91.3 6.63

T22 OP3 100 rep. fibres in image C versus 10K1P baseline 3046 79.8 6.63

T23 OP3 100 rep. fibres in image D versus 10K1P baseline 3046 82.8 6.63

Operator 2 (OP2): all fibres in top-left quadrant (reduced area) in each SEM image

T24 OP2 all fibres in reduced area image A versus 10K1P baseline 3139 4.15 6.63

T25 OP2 all fibres in reduced area image B versus 10K1P baseline 3132 0.36 6.63

T26 OP2 all fibres in reduced area image C versus 10K1P baseline 3170 22.8 6.63

T27 OP2 all fibres in reduced area image D versus 10K1P baseline 3177 0.22 6.63

Operator 3 (OP3): all fibres in top-left quadrant (reduced area) in each SEM image

T28 OP3 all fibres in reduced area image A versus 10K1P baseline 3165 44.6 6.63

T29 OP3 all fibres in reduced area image B versus 10K1P baseline 3155 9.52 6.63

T30 OP3 all fibres in reduced area image C versus 10K1P baseline 3151 13.4 6.63

T31 OP3 all fibres in reduced area image D versus 10K1P baseline 3154 34.9 6.63
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obtained to adequately describe the entire distribution

of a sample population as a whole. As such, all testing

of Operator 2 and Operator 3 results were compared

against the baseline distributions (combining all

images together) for the 10K1P and 50K3P sample

and is shown in Tables 6 and 7, respectively.

The test results from measuring 100 representative

fibres in an SEM image versus the 10K1P baseline

distributions in Table 6 resulted in H-statistic values

of 7.6, 7.1, 0.9 and 0.2 for Operator 2 (T16–T19) and

26, 91, 80 and 83 for Operator 3 (T20–T23) for Images

A, B, C and D, respectively. The results here indicate

that Operator 2 had two statistically similar distribu-

tions to the baseline distribution (T18 and T19) while

Operator 3 had no statistically similar distributions to

the baseline distribution. The results from measuring

all fibres in a reduced area in an SEM image versus the

10K1P baseline distributions in Table 6 resulted in

H-statistic values of 4.2, 0.4, 23 and 0.2 for Operator 2

(T24–T27) and 45, 10, 13 and 35 for Operator 3 (T28–

T31) for Images A, B, C and D, respectively. The

results here indicate that Operator 2 had three

statistically similar distributions to the baseline

distribution (T24, T25 and T27) while Operator 3

had no statistically similar distributions to the baseline

distribution.

Overall, the method of measuring all fibres in a

reduced area resulted in improvements compared to

the method of measuring 100 representative fibres.

Operator 2 had three statistically similar distributions

to the baseline using the reduced area method

compared to two statistically similar distributions to

the baseline using the 100 representative fibres

method. In the case of Operator 3, both methods

resulted in statistically different distributions to the

baseline distribution across all images. However, it is

worth noting that the average H-statistic values for the

reduced area method at 25.6 were lower and an

improvement compared to the 100 representative

fibres method at 69.9.

The test results from measuring 100 representative

fibres in an SEM image versus the 50K3P baseline

distributions in Table 7 resulted in H-statistic values

of 48, 28, 11 and 22 for Operator 2 (T32–T35) and 135,

122, 127 and 107 for Operator 3 (T36–T39) for Images

A, B, C and D, respectively. The results here indicate

Table 7 Kruskal–Wallis test results within and between groups of operators, images and methods for the 50K3P distributions

Test Description of Kruskal–Wallis test (50K3P) N (no. of observations

across all groups)

H-statistic v2 (a = 0.01,

d.f. = 1)

Operator 2 (OP2): 100 representative fibres in an SEM image

T32 OP2 100 rep. fibres in image A versus 50K3P baseline 4823 48.1 6.63

T33 OP2 100 rep. fibres in image B versus 50K3P baseline 4823 27.5 6.63

T34 OP2 100 rep. fibres in image C versus 50K3P baseline 4823 11.0 6.63

T35 OP2 100 rep. fibres in image D versus 50K3P baseline 4823 22.2 6.63

Operator 3 (OP3): 100 representative fibres in an SEM image

T36 OP3 100 rep. fibres in image A versus 50K3P baseline 4823 135 6.63

T37 OP3 100 rep. fibres in image B versus 50K3P baseline 4823 122 6.63

T38 OP3 100 rep. fibres in image C versus 50K3P baseline 4823 127 6.63

T39 OP3 100 rep. fibres in image D versus 50K3P baseline 4823 107 6.63

Operator 2 (OP2): all fibres in top-left quadrant (reduced area) in each SEM image

T40 OP2 all fibres in reduced area image A versus 50K3P baseline 4930 2.92 6.63

T41 OP2 all fibres in reduced area image B versus 50K3P baseline 4943 2.76 6.63

T42 OP2 all fibres in reduced area image C versus 50K3P baseline 5024 1.44 6.63

T43 OP2 all fibres in reduced area image D versus 50K3P baseline 5025 2.11 6.63

Operator 3 (OP3): all fibres in top-left quadrant (reduced area) in each SEM image

T44 OP3 all fibres in reduced area image A versus 50K3P baseline 4930 0.01 6.63

T45 OP3 all fibres in reduced area image B versus 50K3P baseline 4932 4.50 6.63

T46 OP3 all fibres in reduced area image C versus 50K3P baseline 4934 0.72 6.63

T47 OP3 all fibres in reduced area image D versus 50K3P baseline 4935 7.12 6.63
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that the method of measuring 100 representative fibres

resulted in distributions which were statistically very

different to the baseline distribution, regardless of the

operator or image for a homogeneous CNF sample.

These results are consistent with previous observa-

tions in ‘‘Distribution from measuring 100 represen-

tative fibres in each SEM image’’ section which note

that when operators were tasked to measure 100

representative fibres, they consistently exhibited bias

in measuring the larger fibres. The results from

measuring all fibres in a reduced area in an SEM

image versus the 50K3P baseline distributions in

Table 7 resulted in H-statistic values of 2.9, 2.7, 1.4

and 2.1 for Operator 2 (T40–T43) and 0.01, 4.5, 0.7

and 7.1 for Operator 3 (T44–T47) for Images A, B, C

and D, respectively. The results here indicate that all

four of Operator 2’s distributions (T40, T41, T42 and

T43) were statistically similar to the baseline distri-

bution. Also, three of Operator 3’s distributions (T44,

T45 and T46) were statistically similar to the baseline

distribution, with one distribution (T47) coming very

close with a H-value of 7.12, compared to the v2 value
of 6.63.

Overall, the method of measuring all fibres in a

reduced area resulted in significant improvements to

obtain a representative distribution of the 50K3P

sample compared to the method of measuring 100

representative fibres.

In summary, the technique of measuring all fibres in

a reduced area was shown to yield more consistent and

representative results with the baseline distribution for

both 10K1P and 50K3P cases. With the more hetero-

geneous 10K1P sample, Operator 2 had a higher

number of distributions similar to the baseline using

the method of measuring all fibres in a reduced area.

Operator 3 had lower H-statistic values closer to the v2

value using the reduced area method. The results here

form the foundation of future accurate measurement

techniques for heterogeneous CNF samples. In the

case of the more homogeneous 50K3P sample, the

method of measuring 100 representative fibres con-

sistently resulted in bias towards counting larger fibres

for both operators, which renders the results inaccu-

rate. The method of measuring all fibres in a reduced

area was shown to be a significant improvement for the

50K3P sample. All four images for Operator 2 were

statistically similar to the baseline distribution using

the reduced area method. Three out of the four images

for Operator 3 were statistically similar to the baseline

distribution using the reduced area method, with the

last image for Operator 3 having a H-statistic value

only slightly larger than the v2 value. The method of

measuring all fibres in a reduced area was shown to be

very promising for the measurement of CNF diameter

distributions and is worth researching further.

Conclusion

The measurement of CNF diameters from microscopy

images is an arduous task due to the high number of

fibre counts and complex entanglement of fibre

networks. In this study, the effect of measuring all

fibres in an image, 100 representative fibres in an

image and all fibres in a reduced area of an image on

the diameter distribution were investigated for two

samples. One sample consisted of coarser more

heterogeneous fibres while the other consisted of finer

more homogeneous fibres. The results showed that

when two independent operators were tasked with

measuring 100 representative fibres, there was a bias

in the selection towards larger fibres, which led to

inaccurate results. An alternative method of measuring

all fibres in a reduced area of an image provided a

more representative distribution. This method resulted

in a maximum error of 8 nm for the more heteroge-

neous sample and 1.5 nm for the more homogeneous

sample, which was much lower compared to the 100

representative fibre approach.

Statistical analysis also showed that measuring

about 150 fibres in a reduced image area was sufficient

to result in a converged median value, provided all the

fibres were unbiasedly measured. This converged

median value was also very close to the baseline

median obtained from measuring all fibres in multiple

images. Kruskal–Wallis statistical testing also showed

that the technique of measuring all fibres in a reduced

area of an SEM image yielded more representative

results to the baseline distribution compared to the

technique of measuring 100 representative fibres.

The results here introduce a less time-consuming

method for the measurement of CNF diameter distri-

bution and is worth researching further. While the

methods in this study were performed on SEM images,

future work would be to investigate if this method

would translate well to TEM images which also

struggle from similar issues of having a large number

of fibrillated and entangled fibres.
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