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Development of novel parameters 
for characterising scale 
morphology of wool fibre and its 
correlation with dye diffusion 
coefficient of acid dye
Subhadeep Paul 1*, Andrew Hewitt 1, Sohel Rana 2 & Parikshit Goswami 1

This paper reports the development of novel surface parameters which can be used to characterise 
the scale structure of wool fibres obtained from different breeds. Scanning electron microscopy 
and subsequent image analysis technique were used to study wool fibres from Leicester, Dartmoor, 
Ryeland and Herdwick breeds of sheep. Novel scale parameters related to wool fibre’s effective 
chemical diffusion pathway were developed. Namely, the total scale perimeter per 100 µm fibre length 
and scale perimeter index, which is the total scale perimeter per 100 µm length divided by the fibre 
diameter. Wool fibres obtained from different breeds showed significant differences in their scale 
pattern with the change in fibre diameter. The scale perimeter per 100 µm length increased with the 
fibre diameter and showed a polynomial correlation. It was also demonstrated that an increase in 
the diameter of the wool fibre resulted in an increase in the apparent dye diffusion coefficient, which 
contrasts the established theory that finer fibres are associated with a higher dyeing rate. The increase 
in effective diffusion pathway (total scale perimeter per 100 µm) for the wool fibres (among different 
breeds) resulted in a higher dye diffusion rate at the initial phase of dyeing (liquor to surface).

Wool is a multi-functional natural fibre which is valued in the twenty-first century fibre market due to its unique 
properties such as high elongation, thermal insulation, capacity to absorb and hold moisture and high ignition 
 temperature1–3. Wool products are used in diverse applications, not only in garments but also in other technical 
application areas including filtration, composites, furnishings and construction  engineering4–10. The unique 
properties of wool fibres originate from the macroscopic and microscopic features of their structure.

Wool fibre typically contains two main types of morphological components, the outer cuticle (the scales) and 
the inner cortex, which makes up almost 90% of the  fibre11. The cuticle layer has a high cystine content, making 
it chemically resistant (highly crosslinked structure) and is further subdivided into epicuticle, exocuticle and 
endocuticle. The outmost epicuticle consists of a hydrophobic F-layer made of polar and nonpolar long chain 
fatty  acids12, 13.

Wool fibres from different sheep breeds exhibit significant difference in properties (diameter, length, crimp, 
chemical composition, etc.) and in surface morphology (scale patterns and dimensions)14–16. The diffusion of 
water molecules into the fibre core is strongly dependent on the intercellular gaps present between the  scales17, 18. 
Similarly, other chemicals can also follow a similar path of diffusion assuming that the molecules are small 
enough to diffuse through the intercellular gaps. It has been hypothesised that these intercellular gaps can con-
trol both the amount of diffused chemicals and the rate of diffusion and therefore, are expected to have strong 
influence on the fibre  properties19.

A lot of research has been carried out towards understanding the surface chemistry of wool fibres, revealing 
the presence of different types of amino acids and the distribution of fatty acids in  epicuticle20. Image analysis of 
different animal fibres has also been performed using various  methodologies21 to study their scale structures. For 
example, Blyth categorised wool scales into two types—coronal and reticulate  forms22. The edges of the scales in 
the coronal pattern face away from the fibre axis and tend to grow around the fibre in a semi-circle. Wool fibres 
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with a diameter of less than 25 µm show coronal pattern of  scales23. Reticulate type scales are irregular in size 
and shape and appear randomly distributed on the surface of the fibre. Later studies discovered the coronal-
reticulate scale pattern which is observed in the form of a network and divided into bands around the fibres 
running diagonally on the surface (Fig. 1a–c)24.

Wool fibre surface studies rely on the fibre microscopy. Methods of sample preparation have traditionally 
included immersing the fibre in a liquid medium or resin, mounting the fibre onto a medium, and building a 
fibre cast in a quick drying  resin21 or plastic  material15. These methods only reveal one side of the fibre, and an 
alternative method involves rolling the fibres between glass slides, one of which is coated with a synthetic resin 
that dries out quickly to solidify the mounted  pattern25.

Fibre staining has also been used as an alternative approach to study the scales. Fibres are frequently pre-
bleached and the scale dimensions are modified either by swelling of fibres or inserting debris (in the form of 
chemicals) between the cuticle and fibre surface, as shown in Fig. 1d26. All these methods rely on the penetra-
tion of chemicals through intercellular gaps which potentially could influence the structure through swelling 
or  displacement27, 28.

Several studies have been reported in the literature to characterise different parameters related to the scale 
structure of wool fibres. Hausman et al. analysed several wool fibres obtained from different parts of the world 
(India, China, Turkey, Austria and Russia) to determine the average scale gap between two scales and reported 
that the number of scales increased with the increase in the diameter of the  fibre23, 29. Robson et al. included 
more parameters related to the scales (such as circularity, rectangularity, aspect ratio, and scale interval) in their 
study that was carried out using the fibre casting method and an image analysis algorithm. There are, however, 
not much literature on how the scale gap could influence the diffusion of chemicals into the core of wool fibre, 
or could be related to different fibre  properties24, 30.

The intercellular gaps present between the scales are considered to be the main diffusion pathway for chemical 
reagents (e.g. dyes) to penetrate into the fibre structure. This is because the rest of the outer cuticle is hydrophobic 
and relatively non-reactive towards many chemical reagents due to its highly crosslinked structure. Hence, the 
intercellular gaps influence the diffusion coefficient of these  chemicals31 including dye  molecules32. The first path 
of entrance of dye molecules into the fibre structure has also been confirmed by fluorescence microscopy as the 
intercellular  gaps33. The total scale perimeter per 100 µm, used in this work signifies the total length of the cracks 
or opening present on the surface of a wool fibre. It can be hypothesised that higher the value of this parameter, 
more will be the intercellular gaps and chances for the dye molecules to penetrate inside the fibre, resulting in a 
higher diffusion coefficient. Diffusion coefficient (D) is defined as the change in mass of a substance that diffuse 

Figure 1.  Different types of wool fibre scale pattern: (a) coronal, (b) coronal-reticulate and (c) reticulate and (d) 
schematic diagram representing the scale gap and scale height of wool fibres.
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through a unit surface per unit concentration gradient. Such understanding about the diffusion coefficient value 
of different chemical reagents associated with wool fibre can be helpful for understanding the chemical sorption 
property of wool fibre and can be further utilised to manufacture filtration fabrics or materials which show high 
absorption of certain chemicals. The diffusion of dyes into fibre has been explained with the help of Fick’s law of 
 diffusion34. But wool fibre in its diffusion curve follows a non-fickian diffusion at its very early stage of dyeing due 
to presence of surface barrier  effect32. The calculation of D is a direct representation of rate of dyeing (kinetics). 
Diffusion in wool fibre occurs in three stages (i) from solution to the surface (ii) adsorption on surface and (iii) 
diffusion of dyes from surface to the core of the  fibre34.

The mathematical equations for diffusion were developed based on the fact that it is constant (for the initial 
phase of dyeing), or it changes with the concentration of dye (which involves all the phases of diffusion). Diffusion 
coefficient of dyes has been reported to be dependent on factors like shape of the fibre, concentration gradient, 
time, temperature, rate of agitation and also, on the structure of the dye  molecules13, 35, 36. Mainly Hill’s equation 
was used for the calculation of the diffusion coefficient, with time this equation has been modified by several 
researchers to make the models more  accurate37–40. The Hills equation for the current research work represents 
an apparent diffusion coefficient which is assumed to stay constant for the initial phase of dyeing (i) Ref.41. There 
are multiple factors that affect the dye diffusion coefficient among them hydrodynamic boundary layer can have 
a significant impact on the dyeing  kinetics34. As the dye molecules approach the fibre there is a ≈ 99% decrease in 
the velocity of the dye before it reaches the surface. At this point the diffusion of the dye molecules becomes an 
influencing factor. The distance at which this change in velocity is observed is called the hydrodynamic boundary 
layer. This layer can be effected by the circulation velocity of the liquor and the shape of the  fibre42.

Most of the models consider wool fibre to be an infinite cylinder with no edges, but in a practical scenario 
wool fibre diameter varies within a single fibre and also the scales change their pattern from fibre to fibre. This 
may affect the hydrodynamic boundary layer thus influencing the diffusion coefficient. Theoretical modelling 
has always been modified from time to time to make the models more aligned with the experimental findings 
of dyeing. However, for natural fibre like wool it has always been very difficult to obtain an exact value for the 
diffusion coefficient and to conclude which theory is more  suitable37. The knowledge of scale perimeter and SPI 
and its inclusion in the mathematical models of diffusion might make them more representative of real dyeing 
conditions.

Till date, research studies were mainly focused on the scale height which is the distance between the projected-
out scale and the edge of the scale (see Fig. 1d). Technologies such as AFM (Atomic Force Microscopy) were 
used to obtain a more appropriate and accurate measurement of scale height of wool  fibres43, 44. Scale height 
was observed to increase by 21%, on an average, in wet conditions as compared to dry conditions and the scale 
dimensions measured in dry conditions were more  reproducible43. In wet conditions, there was swelling of 
wool fibre which was associated with the swelling of the cuticle, causing a change in the dimension of the scales. 
Therefore, the scale parameters measured using most of the previous methods were strongly dependant on the 
testing conditions (e.g. temperature, resin, pre-treatment of fibre, etc.). Moreover, the studied scale parameters 
have been mostly used for the identification of wool fibres and differentiate them from other hair fibres, but not 
for investigating the influence of surface morphology on the fibre functionality or properties. To bridge that 
gap in the existing literature, the present research reports novel scale parameters related to the intercellular gaps 
of wool fibre and discusses how these parameters can be correlated with fibre diameter as well as dye diffusion 
coefficient and fibre functionalities.

Materials and methodology
Materials
Wool fibres from four different UK sheep breeds were provided by Fleet Green Farm in the form of fleece. The 
breeds were Bluefaced Leicester (Leicester), Greyface Dartmoor (Dartmoor), Ryeland and Herdwick. Wool 
fibres were taken from the fleece randomly to avoid preferential sampling. Also, Welsh mountain wool fibre was 
obtained from British Wool and characterised to verify the experimental correlations achieved using the above 
four breeds of wool fibre.

Before analysis, wool fibres were scoured using sodium carbonate  (Na2CO3) supplied by Sigma Aldrich, and 
ULTRAVON JUN (a nonionic detergent) manufactured by Huntsman Textile Effects (Germany) GmbH and 
supplied by Town End (Leeds). For dyeing of wool fibres, CI Acid Violet 90, sulphuric acid and sodium sulphate 
 (Na2SO4) were used (supplied by Sigma Aldrich).

Methodology
Scouring
20 g samples of wool were scoured using a four-bath process. The scouring recipe is listed in Table 1, which is 
based on the recipe used by Kadam et al.45. The scouring process was carried out using a liquor ratio of 1:50 
with constant manual agitation. Prior to transfer between baths, the samples were squeezed to reduce transfer 
of liquor. After scouring, the samples were rinsed twice in an excess of cold water and squeezed before drying at 
90 °C for 1 h in a convection oven. The samples were then conditioned at 20 ± 2 °C and 65 ± 3% RH for at least 
24 h before analysis.

Carbonising of wool fibre
The scoured wool samples were carbonised based on a recipe reported by  Park46, using sulphuric acid (70.0 g  l–1) 
and ULTRAVON JUN (2.0 g  l–1) in a liquor ratio of 1:20. The pH of the solution was 1.2. The wool fibres were 
immersed in the solution for 2 h at 20 ± 2 °C. The fibres were then removed, rinsed in cold water, dried and 
baked at 100 °C for 10 min. This was done so that all the vegetable matter present in wool could be removed as it 
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becomes brittle. The fibres were manually crushed between two rollers so that the impurities were crushed and 
manually shaken to remove them. The wool fibres were rinsed once in an excess of cold water and then washed 
in a solution (1:20 liquor ratio) of sodium carbonate (53.0 g  l–1) at room temperature. They were rinsed once 
again in an excess of cold water, squeezed and then dried overnight at room temperature. Damage to the F-layer 
of the wool fibres were evaluated by dyeing the fibres with Acid Red 1 at 2% omf, before and after carbonising. 
The wool fibres did not show any observable difference, hence no potential damage to the F-layer was confirmed.

Dyeing procedure
Pre-treated wool fibre samples from Leicester, Ryeland and Dartmoor (1 g) were dyed using a CI Acid Violet 
90. The dyeing was carried out using laboratory-based Roaches Pyrotec IR dyeing machine using 2% CI Acid 
Violet 90 dye (on mass of fibre), 1%  H2SO4 and 5% Glauber’s salt. The pH of the bath was maintained at 2.7 ± 0.2, 
dyeing temperature was kept 90 °C and the MLR (Material to Liquor ratio) was maintained at 1:50. The dyeing 
time was varied from 5 to 240 min.

Dyeing kinetics and diffusion coefficient calculation
The amount of dye adsorbed  Mt (mg  g–1) at time t was determined by the equation below.

where  Co is the initial dye concentration (mg  ml–1) in the solution,  Ce is the left-over dye concentration in the 
solution after dyeing (mg  ml–1), V is the initial volume of the solution (ml) and W is the weight of wool fibre (g).

The dye diffusion coefficient was calculated using the modified version of Hill’s equation for a finite  bath47.

where  Me is the amount of dye adsorbed (mg  g–1) at equilibrium, r is the radius of the fibre and D is the apparent 
diffusion coefficient. According to Eq. (2), the D can be calculated from the slope of the  Mt/Me vs  t1/2 curve. In 
this case the dye diffusion coefficient was considered to be constant in the initial phase of the dyeing and the 
modified equation of Hill (2) is valid only for a finite bath. The average of two sets of repeat for dyeing kinetics 
study was performed and the standard error of the calculated diffusion coefficient is reported in Table 3.

Analysis
Scanning electron microscopy (SEM)
SEM images were taken using Quanta FEG 250 scanning electron microscope (FEI Instruments) at different 
magnification levels ranging from 100 to 1000x. The samples were sputter coated with gold before measurement. 
The accelerating voltage was kept between 5 and 10 kV. The SEM images were used to evaluate different scale 
patterns, number of scales and the distribution of fibre diameter. For the measurement of diameter, a mean value 
of 50 readings for each breed was calculated and reported. Measurement of diameter for thousands of fibre via 
SEM images is a very tedious approach. For the mean fibre diameter, it will be beneficial to opt for an optical 
fibre diameter testing to have a better distribution and representation of the diameter data. The purpose of this 
research work was to test the initial feasibility of how scale structures of wool fibre could affect dyeing kinetics.

The scale analysis methodology employed in this work possesses some key advantages to preserve the struc-
tural properties of the fibres. The fibres were not immersed in a resin or any solvent which could influence the 
scale arrangement. The fibres did not undergo any kind of extension (to remove the crimp). Also, the measure-
ment was performed in a dry condition. The fibres were scoured to remove contaminants such as dirt and wool 
grease so that the scales were perfectly visible under the microscope, but no additional pre-treatments (e.g. 
bleaching) were performed which could influence the scale arrangement.

Although in this method wool fibre samples were sputter coated with gold and measured in a vacuum, no 
previous literature indicated that this coating might change fibre and/or scale arrangement, and any changes that 
may occur are likely to be minimal as compared to immersion in a liquid. However, like most image analysis 
techniques reported earlier, this methodology characterised only one side of each fibre (a 2D image) rather than 
the entire 3D surface advanced technologies such as 3D SEM can be combined with the proposed method in 
future work for a more accurate measurement of scale morphology.

(1)Mt =
(Co− Ce)× V

W

(2)
Mt

Me
= 4

(

Dt

πr2

)1/2

Table 1.  Recipe for scouring of wool fibres.

Recipe 1st Bath 2nd Bath 3rd Bath 4th Bath

Na2CO3 1.33 g  l–1 0.65 g  l–1 0.65 g  l–1 –

ULTRAVON JUN 7.5 g  l–1 5.0 g  l–1 2.5 g  l–1 –

Temperature 60 °C 55 °C 50 °C 45 °C

Time 3 min 3 min 3 min 3 min
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Measurement of scale perimeter
The measurement of scale perimeter was performed from the SEM images using ImageJ software. Straight fibres 
were selected for measurements to eliminate errors caused by bending of fibres, as shown in Fig. 2. The number 
of visible scales were counted on the basis that a fully visible scale was counted as one and a partially visible 
scale was counted as 0.5. Perimeter and scale readings were taken per 100 µm length of the fibre. A parallel line 
was drawn along the fibre axis and 100 µm grid lines were drawn along the side of the fibre for measurement 
(Fig. 2). The measurement methodology has been simplified so that this methodology could be easily adopted.

Further, another scale parameter, namely scale perimeter index (SPI) was also calculated. SPI is a dimension-
less parameter which is defined here as the total perimeter of all the visible scales on a 100 µm long 2D image of 
a single fibre divided by the diameter of that fibre. Therefore, SPI is defined as:

UV–visible spectrophotometer
The dyeing solutions collected before and after dyeing were cooled to room temperature and their absorbance 
were measured by UV-visible spectrophotometer (Jasco V-730). The absorbance of the residual dye solution 
was calculated at 535 nm (the wavelength of maximum intensity, λmax) as deduced from the calibration curve 
of the dye (Fig. S2).

Results and discussion
Fibre diameter and its distribution
Wool fibres obtained from different breeds show variation in diameter between fibres, between fleece and also 
within  breeds48. The mean fibre diameter data obtained from the SEM images of Leicester, Dartmoor, Ryeland 
and Herdwick wool fibres are listed in Table 2.

The average diameter range of the studied UK wool fibres was very similar to the ones reported by Robson 
et al.49. Leicester wool fibres had a mean diameter of 22 µm and was the finest of the four varieties. The diameter 
distribution of Leicester fibre was narrower than the other wool types (Fig. 3). Dartmoor wool fibres had a mean 
fibre diameter of 72 µm which was, therefore, a coarser category, also commonly referred to as strong wool. The 
fibre diameter distribution of Dartmoor wool was narrower as compared to Herdwick and the range was between 
43 and 100 µm. Herdwick and Ryeland wools had mean fibre diameter values of 66 and 31 µm, respectively. The 
diameter distributions of Herdwick and Dartmoor were significantly wider ranging from 26 to 162 µm and 43 
to 100 µm, respectively (Fig. 3). The observed variation in wool fibre diameter was high because the wool fleeces 
were directly obtained from the farm where the fibres were not separated and graded according to the coarse-
ness of fibres. Also testing more number of samples might transform the distribution curve of Herdwick and 

(3)SPI =
Total Scale Perimeter (per 100µm length of fibre)

Fibre Diameter (µm)

Figure 2.  SEM image used for the calculation of scale perimeter per 100 µm.

Table 2.  Measured mean diameter for wool fibres from the four studied breeds.

Breed Mean fibre diameter (µm) CV (%)

Leicester 22 11.7

Ryeland 31 12.7

Herdwick 66 54.0

Dartmoor 72 22.5
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Dartmoor to a bell shaped distribution. The diameter distribution of Herdwick shows some of the fibres have 
diameter above 100 µm range and thus can be associated with kemp fibres.

Scale pattern of wool fibres
Leicester fibre exhibited a coronal pattern where each scale end formed a circular pattern on the fibre, whereas 
Dartmoor fibre showed a reticulate pattern in which scales were arranged randomly, as presented in Fig. 4. 
Herdwick fibre exhibited a wide range of fibre diameters and consequently, showed all three types of patterns: 
coronal (for fibre diameter < 25 µm), coronal-reticulate (for 25–50 µm fibre diameter) and reticulate (for fibre 
diameter > 50 µm), whereas only the former two patterns were observed in case of Ryeland wool. Ryeland fibres 
predominantly showed the coronal-reticulate pattern (Fig. 4).

The observations confirmed that the changes in the scale pattern of wool fibres are related to the fibre diam-
eter. The number of scales and the scale pattern in Merino  wool14 are different from the pattern shown by the 
coarser Dartmoor wool. The number of scales in Merino wool fibres are fewer and the pattern is the coronal 
type, which is similar to Leicester wool, the finest of the four varieties studied in this  research50. Dartmoor (mean 
diameter 72 µm) wool showed a higher number of scales than Leicester (mean diameter 22 µm) due to the finer 
diameter of Leicester wool. Thus, the number of scales in the studied wool fibres per 100 µm increased with the 
fibre diameter. This can be clearly observed from the correlation curve plotted between the number scales and 
fibre diameter, as discussed in section “Total scale perimeter and scale perimeter index (SPI)”.

Total scale perimeter and scale perimeter index (SPI)
It is hypothesised that the number of active molecules entering into the core of the fibre depends on the dimen-
sion of the diffusion pathway between the scales. As the number of gaps increases for a specific length of fibre 
(e.g. 100 µm), the amount of chemical uptake by the fibre should also increase. This is in agreement with the 
earlier observation that the generation of cracks on the surface of wool fibres improved the colour yield by 
allowing more spaces for the dye molecules to  enter51. As per the discussion in Section “Scale pattern of wool 
fibres”, different types of wool fibre showed different scale patterns and therefore, it can be hypothesised that their 
effective diffusion pathway could also be significantly  different52. This in turn may result in different chemical 
absorption behaviours for different breeds of wool fibre. To investigate this further and to use effective diffusion 
pathway for categorising wool fibres according to their chemical adsorption property, a new scale parameter, 
called total scale perimeter per 100 µm, was calculated as a measure of the total diffusion paths present on the 
surface within a fibre length of 100 µm.

The total scale perimeter per 100 µm length of fibre, SPI and number of scales were calculated for all the four 
wool types (Table S1 Supplementary material). Figures 5, 6 and 7 shows the relation between fibre diameter and 
total scale perimeter per 100 µm as well as SPI. All the data points of different breeds were plotted together to 
establish a correlation between these parameters.

Figure 3.  Frequency distribution of diameter for the studied wool fibre types.
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The total scale perimeter per 100 µm and the number of scales showed a polynomial correlation (with  R2 
value of 0.94) with the fibre diameter, and the nature of the curve was hyperbolic (Figs. 5 and 6). From Fig. 5, it 
can be observed that the total scale perimeter increased with the increase in the fibre diameter and as the fibre 
diameter reached a high value, the rate of increase of total scale perimeter decreased making the curve similar 
to an asymptote. The trend line showed in Fig. 5 is represented by the equation:

where y is total scale perimeter per 100 µm and x is the measured diameter

(4)y = 14.41x − 0.04x2

Figure 4.  SEM images of visible scale pattern of (a) Leicester, (b) Ryeland, (c–e) Herdwick, and (f) Dartmoor 
fibres and their scale perimeter markings.

Figure 5.  Relationship between total scale perimeter and fibre diameter.
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This equation can be used as a framework to predict the total scale perimeter per 100 µm of any unknown type 
of wool fibre using its diameter value. This curve can also be used to know which type of scale pattern (predomi-
nantly) the wool fibre will exhibit depending on its diameter. Both the parameters can be used to characterise 
and understand the surface morphology of wool fibres.

As shown in Fig. 7, SPI decreased with an increase in the fibre diameter. Mainly the SPI values for fine fibres 
(19–29 µm diameter) ranged from 14 to 20, for medium fibres (30–65 µm diameter) from 11 to 15 and for coarser 
fibres (> 65 µm diameter) from 6 to 11. The correlation curves will be more accurate when more data from wool 
fibres of different breeds (besides the 4 fibre types used to develop the correlations) can be incorporated into it. 
To verify the established correlations, Welsh mountain wool fibre obtained from British Wool was studied under 
SEM to observe the scale pattern and measure the scale parameters. The total scale perimeter per 100 µm, SPI 
and the number of scales for this wool variety are 542 µm, 15.1 and 12 respectively.

The scale pattern observed for Welsh Mountain wool fibre was coronal-reticulate, which was expected as the 
measured diameter of the fibre was 36 µm between 25 and 60 µm (Fig. S3). SPI of Welsh Mountain wool fibre 
was 15 to 20, which was in the range for a medium diameter wool fibre. The total scale perimeter per 100 µm, 
SPI and number of scales value of Welsh mountain wool also fitted well with the data in the correlation curve, 
as shown in Figs. 5, 6 and 7. The total scale perimeter value calculated from Eq. (4) came to be 482 µm which 
is 60 µm less than the measured value 542 µm (Table S1). The deviation from the original fitted equation was 
attributed to the inherent variation of diameter within a wool fibre. Thus, more data set from different varieties 
of wool fibre could be used in the future research to make this correlation-based framework more accurate. 
Therefore, the results clearly indicated that all three studied scale parameters showed specific correlations with 
the diameter of wool fibre.

Figure 6.  Relationship between number of scales per 100 µm length and fibre diameter.

Figure 7.  Relationship between scale perimeter index and fibre diameter.
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Correlation between dyeing kinetics and scale parameters
As Herdwick wool fibres showed a very wide diameter distribution, high CV% for mean fibre diameter (Table 2) 
and at the same time presence of kemp fibres, further experiments were done with the other three fibres. The dif-
fusion coefficient of Acid Violet 90 on Leicester, Ryeland and Dartmoor were found to be 0.09, 0.13 and 0.59 ×  10–8 
 (cm2  sec–1) (respectively) using Hill’s equation (Table 3). This modified method for a finite dye bath calculates 
the apparent diffusion coefficient which is assumed to remain constant in the early stage of dyeing which is the 
dye diffusion in the solution. The apparent diffusion coefficient for the fibres were obtained by fitting the Relative 
dye uptake  (Mt/Me) curve against  time1/2 and using Eq. (2) as shown in Fig. 8.

Researchers working with dyeing theories for cellulosic and manmade fibres have established that the fac-
tors influencing fibre dye uptake and rate of dyeing are fibre diameter and cross-sectional shape of the  fibre53, 54. 
Finer fibres tend to absorb high amount of dye due to its higher surface area per unit volume, thus indicating a 
higher D for the dye molecules in finer diameter  fibres55, 56. The current correlation curve plotted between dif-
fusion coefficient and mean fibre diameter (Fig. 9) shows a linear increase in D with the increase in diameter of 
the fibres. The mean fibre diameter values were used during the calculation of D. This clearly suggests that for 
a wool acid dye system a surface morphology factor contributes towards changing the D of Acid Violet 90 dye.

Further the D values of Acid Violet 90 were correlated to the average total scale perimeter per 100 µm and 
average number of scales per 100 µm, represented in Fig. 10a and b. An increase in D can be noticed with an 
increase in average total scale perimeter per 100 µm and average number of scales per 100 µm values. From 
Leicester to Ryeland to Dartmoor with an increase in diameter there was an increase in the number of scale per 
100 µm associated with an increase in effective diffusion pathway. More the diffusion pathway available the higher 
will be the mobility of the acid dye molecules resulting in an increase in D value for the fibre. Similar observa-
tions have been reported by researchers where introduction of cracks on the surface of wool fibre resulted in an 
enhancement of the apparent diffusion coefficient  value57, 58. These cracks were introduced by various physical 
and chemical surface modification techniques on wool  fibre35, 59. In this study, the increase in effective diffusion 
pathway was caused by the natural variation in the scale patterns. Higher diffusion pathway in a wool fibre is 
associated with a reduction in hydrodynamic boundary layer as well as surface barrier effect thus allowing the 
dye molecules to reach the surface of the fibre at a faster  speed35, 42, 60. Dartmoor having the highest diffusion 
pathway (total scale perimeter per 100 µm) shows highest diffusion coefficient followed by Ryeland and Leicester.

The rate of increase of D between Leicester and Ryeland was significantly less compared to the rate of increase 
between Leicester and Dartmoor. This can be supported with the findings made earlier that Ryeland showed 
the presence of both coronal and coronal reticulate scale pattern. Ryeland with coronal reticulate pattern have a 
higher avg. total scale perimeter per 100 µm than Leicester whereas presence of two different kind of scale pattern 
within the same wool fibre might be the possible reason for the rate of increase in D to be less.

It can be summarised from the earlier discussion that total scale perimeter per 100 µm have influenced the 
diffusion coefficient of Acid Violet 90 dye in the solution phase. This confirmation can have further impact on 

Table 3.  Calculated diffusion coefficient, average total scale perimeter per 100 µm and number of scales per 
100 µm of Leicester, Ryeland and Dartmoor wool fibres.

Breeds* Diffusion coefficient ×  10–8  (cm2  sec–1) Avg. total scale perimeter per 100 µm (µm) Avg. number of scales per 100 µm

Leicester 0.091 ± 0.001 309 ± 27 6 ± 1.0

Ryeland 0.133 ± 0.001 510 ± 44 10 ± 1.1

Dartmoor 0.592 ± 0.011 754 ± 39 16 ± 1.2

Figure 8.  Relative dye uptake  (Mt/Me) vs  time1/2 plots for Leicester, Ryeland and Dartmoor.
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Figure 9.  Relationship between apparent diffusion coefficient of Acid Violet 90 dye and mean fibre diameter 
(The error bars represent the standard error of the mean).

Figure 10.  Relationship between apparent diffusion coefficient of Acid Violet 90 dye and (a) average total scale 
perimeter per 100 µm, (b) average number of scale per 100 µm (The error bars represent the standard error of 
the mean).
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the overall rate of dyeing at the same time the amount of dye adsorbed on the fibre. Thus, further research can be 
performed in this area to correlate the scale parameters with dyeing thermodynamics and kinetics parameters.

Discussion on the correlation of surface morphology with fibre functionality
Chemical properties of wool fibres (such as dyeing behaviour, moisture or chemical sorption, biodegradability, 
etc.) are significantly influenced by the effective diffusion pathway between the scales. The current study have 
opened up the possibility to investigate the effect of scale morphology on these essential properties of wool 
 fibre61. Thus, the studied scale parameters could be useful to understand the functionalities and end use of dif-
ferent varieties of wool fibre.

Previous literature related to surface morphology of wool fibre mainly focused on characterising the scale 
height (Fig. 1) and only a few studies discussed how the scale height could influence fibre properties. For example, 
a permanganate salt pre-treatment was used to assess the effect of mean scale height on the fibre properties. This 
study reported that with increase in the concentration of the pre-treatment chemical the scale height  decreased44. 
The effect of the permanganate salt was limited to the scales of the wool fibre, modifying the cuticle, and remov-
ing the hydrophobic scales. This change in scale structure resulted in a higher value of water absorption and an 
improvement in the surface  roughness44. In the present research paper, new scale parameters related to the effec-
tive diffusion pathway of wool fibre (instead of scale height) have been characterised, leading to the possibility 
of better correlating scale morphology with important fibre properties and predicting various applications of 
different varieties of wool fibres:

Water sorption
Wool has a very high-water absorption property and can absorb more water as compared to any other natural 
 fibre62. This is attributed firstly to the presence of hydrophilic groups in the protein structure of the fibre and sec-
ondly, to the surface structure of the wool  fibre63, 64. When wool fibre absorbs water, the fibre swells and creates a 
path for the water molecules to diffuse through the intercellular gaps and breaks the hydrogen bonds in the amino 
acid structure. This in turn creates more interaction sites and increases the absorption of water  molecules65. In 
both dyeing and water sorption phenomena, the surface morphology is likely to have a very high impact on 
the final uptake values. A fibre with more scale perimeter per 100 µm is expected to have a higher tendency to 
absorb water. This parameter, therefore, can be useful for the manufacturing of technical textile products such 
as medical textiles where high water or liquid sorption is a key requirement.

Biodegradation
The hydrophobic crosslinked epicuticle of wool fibre also resists biodegradation of wool fibre by the action of 
 bacteria66. Thus, it is expected that more is the number of diffusion paths present on the surface of wool fibre 
more it will be susceptible to enzymatic hydrolysis or microbial attack, leading to a faster degradation  rate8, 67. 
This will potentially allow wool products to be tailored with specific degradation properties.

Therefore, with further research and experimental verifications, the studied scale parameters can be used to 
classify different varieties of wool fibre according to their properties and end usage. This approach and knowl-
edge will be very important for the wool industry in terms of using different breeds of wool fibre in diversified 
technical textile applications like filtration (air, blood, chemical, etc.), geotextiles, medical textiles, composites, 
garments and so on.

Conclusion
In this research, wool fibres collected from four different British sheep breeds (Dartmoor, Leicester, Ryeland 
and Herdwick) were characterised using SEM to study their scale pattern and number of scales, and two novel 
scale parameters, namely total scale perimeter per 100 µm and SPI were calculated. The studied varieties of wool 
exhibited differences in their scale pattern, number of scales, scale perimeter and SPI. The patterns of scales vis-
ible on the surface were identified as coronal for Leicester and reticulate for Dartmoor wool, whereas Herdwick 
and Ryeland fibres showed more than one scale pattern due to their wider diameter distribution.

The change in scale pattern from coronal to reticulate was associated with the change in the fibre diameter and 
was attributed to the increase in number of scales within a specific fibre length. Total scale perimeter per 100 μm 
length showed a polynomial correlation with the fibre diameter. On the other hand, SPI values were observed 
to decrease with the increase in fibre diameter and showed specific ranges for finer, medium and coarser fibres.

The characterised scale parameters showed a good correlation with the apparent diffusion coefficient of Acid 
Violet 90 dye. The D values showed a steady increase with the increase in mean fibre diameter, avg. total scale 
perimeter per 100 µm and avg. number of scales per 100 µm. Wool fibre with highest avg. total scale perimeter 
per 100 μm (due to increased effective diffusion pathway) has shown the highest apparent diffusion coefficient 
(D) of Acid Violet 90. This clearly suggests that the effective diffusion pathway is an influencing factor during 
the early stage of dye diffusion.

This correlation between the fibre properties and the surface morphology can be utilised to design various 
technical textile products (medical textiles, filter fabrics, geotextiles, composites, etc.). This can also contribute 
towards developing a framework where wool fibres obtained from an unutilised or new breed can be studied 
and used in the application fields mentioned above. This research work, therefore, opens up further opportuni-
ties to investigate into the correlation of dyeing and other properties of wool fibre with the scale morphology.

Data availability
The supplementary materials contain the relevant experimental data whereas any other requirement of data are 
available upon reasonable request to the corresponding author.



12

Vol:.(1234567890)

Scientific Reports |        (2023) 13:18444  | https://doi.org/10.1038/s41598-023-45689-w

www.nature.com/scientificreports/

Received: 1 August 2023; Accepted: 23 October 2023

References
 1. Speakman, J. B. & Cooper, C. A. 16—The adsorption of water by wool. Part I—Adsorption hysteresis. J. Text. Inst. Trans. 27, 

T183–T185 (1936).
 2. Song, G. Thermal insulation properties of textiles and clothing. In Textiles for Cold Weather Apparel (ed. Song, G.) 19–32 (Elsevier 

Inc., 2009). https:// doi. org/ 10. 1533/ 97818 45697 174.1. 19.
 3. Horrocks, A. R. & Davies, P. J. Char formation in flame-retarded wool fibres. Part 1. Effect of intumescent on thermogravimetric 

behaviour. Fire Mater. 24, 151–157 (2000).
 4. Aluigi, A. et al. Wool keratin-based nanofibres for active filtration of air and water. J. Biobased Mater. Bioenergy 3, 311–319 (2009).
 5. Monier, M., Ayad, D. M. & Sarhan, A. A. Adsorption of Cu(II), Hg(II), and Ni(II) ions by modified natural wool chelating fibers. 

J. Hazard. Mater. 176, 348–355 (2010).
 6. Huang, C., Li, B. & Yang, X. Preparation and characterisation of electrospun wool keratin/polyethylene oxide nanofibres for air 

filtration applications. Dig. J. Nanomater. Biostruct. 12, 293–301 (2017).
 7. Fiore, V., Di Bella, G. & Valenza, A. Effect of sheep wool fibers on thermal insulation and mechanical properties of cement-based 

composites. J. Nat. Fibers 17, 1532–1543 (2019).
 8. Daria, M., Krzysztof, L. & Jakub, M. Characteristics of biodegradable textiles used in environmental engineering: A comprehensive 

review. J. Clean. Prod. 268, 122129 (2020).
 9. Basak, S., Samanta, K. K., Chattopadhyay, S. K., Narkar, R. S. & Mahangade, R. Flame retardant cellulosic textile using bannana 

pseudostem sap. Int. J. Cloth. Sci. Technol. 27, 247–261 (2015).
 10. Montazer, M. & Seifollahzadeh, S. Enhanced self-cleaning, antibacterial and UV protection properties of nano  TiO2 treated textile 

through enzymatic pretreatment. Photochem. Photobiol. 87, 877–883 (2011).
 11. Maclaren, J. A. & Milligan, B. Wool Science: The Chemical Reactivity of the Wool Fibre (Scienec Press, 1981).
 12. McKittrick, J. et al. The structure, functions, and mechanical properties of keratin. J. Miner. Met. Mater. Soc. 64, 449–468 (2012).
 13. Lewis, D. & Rippon, J. The Coloration of Wool and Other Keratin Fibres (Wiley, 2013).
 14. Gupta, V. B. Physical and morphological characteristics of wool fibres. Indian J. Fibre Text. Res. 17, 1–8 (1992).
 15. Hardy, J. I. A method for studying the scale structure of medullated and pigmented animal fibres. J. Text. Inst. Trans. 23, T1–T5 

(1932).
 16. Orwin, D. F. G., Woods, J. L. & Ranford, S. L. Cortical cell types and their distribution in wool fibres. Aust. J. Biol. Sci. 37, 237–255 

(1984).
 17. Nostro, P. L., Fratoni, L., Ninham, B. W. & Baglioni, P. Water absorbency by wool fibers: Hofmeister effect. Biomacromolecules 3, 

1217–1224 (2002).
 18. Johnson, N. A. G. & Russell, I. M. Advances in Wool Technology (Woodhead Publishing Limited, 2009).
 19. Negri, A. P., Cornell, H. J. & Rivett, D. E. The modification of the surface diffusion barrier of wool. J. Soc. Dyers Colour. 109, 296–301 

(1993).
 20. Huson, M. et al. New insights into the nature of the wool fibre surface. J. Struct. Biol. 163, 127–136 (2008).
 21. Wildman, A. B. The microscopy of textile fibres: Aids to their identification. J. Text. Inst. Proc. 38, P468–P473 (1947).
 22. Blyth, J. S. S. Studies on the Fleece Fibres of British Breeds of Sheep (University of Edinburgh, 1925).
 23. Mahal, G. S., Johnston, A. & Burns, R. H. Types and dimensions of fiber scales from the wool types of domestic sheep and wild 

life. Text. Res. J. 21, 83–93 (1951).
 24. Robson, D., Weedall, P. J. & Harwood, R. J. Cuticular scale measurements using image analysis techniques. Text. Res. J. 59, 713–717 

(1989).
 25. Manby, J. Photomicrographs of wool fibres: New method. J. Text. Inst. Trans. 21, T231–T236. https:// doi. org/ 10. 1080/ 19447 02300 

86615 16 (1930).
 26. Wortmann, F.-J. & Phan, K.-H. Cuticle scale heights of wool and specialty fibers and their changes due to textile processing. Text. 

Res. J. 69, 139–144 (1999).
 27. Robson, D. Animal fiber analysis using imaging techniques. Text. Res. J. 70, 116–120 (2000).
 28. Weideman, E., Gee, E., Hunter, L. & Turpie, D. W. F. The use of fiber scale height in distinguishing between mohair and wool. 

SAWTRI Bull. 21, 7–13 (1987).
 29. Mauersberger, H. R. Matthews’ Textile Fibers: Their Physical, Microscopic and Chemical Properties (Wiley, 1954).
 30. Wortmann, F.-J. & Arns, W. Quantitative fiber mixture analysis by scanning electron microscopy. Text. Res. J. 56, 442–446 (1986).
 31. Fukatsu, K. Dyeing behavior of Cu(II)-wool complex fibers pretreated with hydrogen peroxide. Text. Res. J. 63, 744–748. https:// 

doi. org/ 10. 1177/ 00405 17593 06301 207 (1993).
 32. Köpke, V. & Nilssen, B. 103—Wool surface properties and their influence on dye uptake—A microscopical study. J. Text. Inst. 

Trans. 51, T1398–T1413 (1960).
 33. Brady, P. R. Diffusion of dyes in natural fibres. Rev. Prog. Color. Relat. Top. 22, 58–78 (1992).
 34. Burkinshaw, S. M. Physico-Chemical Aspects of Textile Coloration (Wiley, 2015). https:// doi. org/ 10. 1002/ 97811 18725 658.
 35. Medley, J. A. & Andrews, M. W. The effect of a surface barrier on uptake rates of dye into wool fibers. Text. Res. J. 29, 398–403 

(1959).
 36. Medley, J. A. & Andrews, M. W. The kinetics of wool dyeing—Some effects of alcohols on wool dyeing rates. Text. Res. J. 30, 

855–860. https:// doi. org/ 10. 1177/ 00405 17560 03001 106 (1960).
 37. Gulrajani, M. & Verma, G. An assessment of diffusion models in a wool-dye system. Indian J. Fibre Text. Res. 05(3), 92–97 (1980).
 38. Militký, J. & Rais, J. A simple method for determining the diffusion coefficient of a dye from the time of half-dyeing. J. Soc. Dyers 

Colour. 93, 346–347 (1977).
 39. Etters, J. N. & Urbanik, A. An automated computation of diffusion equation solutions. Text. Res. J. 53, 598–605 (1983).
 40. Shibusawa, T. Wide-ranging polynomial approximations to Wilson’s and Hill’s equations. J. Soc. Dyers Colour. 101, 231–234 (1985).
 41. McGregor, R., Peters, R. H. & Petropolous, J. H. Diffusion of dyes into polymer films. Part 2—Chlorazol sky blue FF into cellulose. 

Trans. Faraday Soc. 58, 1045–1053 (1962).
 42. McGregor, R. & Peters, R. H. The effect of rate of flow on rate of dyeing I—The diffusional boundary layer in dyeing*. J. Soc. Dyers 

Colour. 81, 393–400 (1965).
 43. Phillips, T. L., Horr, T. J., Huson, M. G., Turner, P. S. & Shanks, R. A. Imaging wool fiber surfaces with a scanning force microscope. 

Text. Res. J. 65, 445–453 (1995).
 44. Bahi, A., Jones, J. T., Carr, C. M., Ulijn, R. V. & Shao, J. Surface characterization of chemically modified wool. Text. Res. J. 77, 

937–945 (2007).
 45. Kadam, V. V., Goud, V. & Shakyawar, D. B. Ultrasound scouring of wool and its effects on fibre quality. Indian J. Fibre Text. Res. 

38, 410–414 (2013).
 46. Park, J. Carbonising of woollen fabric: II—Practical work. J. Soc. Dyers Colour. 87, 114–116 (1971).
 47. Johnson, A. The Theory of Coloration of Textiles (Society of Dyers and Colourists, 1989).

https://doi.org/10.1533/9781845697174.1.19
https://doi.org/10.1080/19447023008661516
https://doi.org/10.1080/19447023008661516
https://doi.org/10.1177/004051759306301207
https://doi.org/10.1177/004051759306301207
https://doi.org/10.1002/9781118725658
https://doi.org/10.1177/004051756003001106


13

Vol.:(0123456789)

Scientific Reports |        (2023) 13:18444  | https://doi.org/10.1038/s41598-023-45689-w

www.nature.com/scientificreports/

 48. Stobart, R. H., Russell, W. C., Larsen, S. A., Johnson, C. L. & Kinnison, J. L. Sources of variation in wool fiber diameter. J. Anim. 
Sci. 62, 1181–1186 (1986).

 49. Robson, D. & Ekarius, C. The Fleece and Fiber Sourcebook (Storey Publishing, 2011).
 50. Zhang, J., Palmer, S. & Wang, X. Identification of animal fibers with wavelet texture analysis. Proc. World Congr. Eng. 1, 742–747 

(2010).
 51. Naebe, M. et al. Effects of plasma treatment of wool on the uptake of sulfonated dyes with different hydrophobic properties. Text. 

Res. J. 80, 312–324 (2010).
 52. Wortmann, F.-J., Wortmann, G. & Zahn, H. Pathways for dye diffusion in wool fibers. Text. Res. J. 67, 720–724 (1997).
 53. Zhang, H., Shen, Y., Edgar, K. J., Yang, G. & Shao, H. Influence of cross-section shape on structure and properties of lyocell fibers. 

Cellulose 28, 1191–1201 (2021).
 54. Smith, B. A review of the relationship of cotton maturity and dyeability. Text. Res. J. 61, 137–145 (1991).
 55. Burkinshaw, S. M. Chemical principles of synthetic fibre dyeing. In Polyester (ed. Burkinshaw, S. M.) 1–76 (Springer Netherlands, 

1995). https:// doi. org/ 10. 1007/ 978- 94- 011- 0593-4_1.
 56. Chakraborty, S., Khatun, M. & Biswas, M. C. Influence of fiber surface morphology on the dyeing performance of polyester yarn. 

New Mater. Compd. Appl. 4, 117–125 (2020).
 57. Xin, J. H., Zhu, R., Hua, J. & Shen, J. Surface modification and low temperature dyeing properties of wool treated by UV radiation. 

Color. Technol. 118, 169–173 (2002).
 58. Shahparvari, M. R., Safi, M., Safapour, S. & Gharanjig, K. Compatibility of natural dyes on aluminum pre-mordanted woolen yarns 

by determination of diffusion coefficient. Fibers Polym. 19, 1663–1669 (2018).
 59. Jocic, D. et al. Effect of low-temperature plasma and chitosan treatment on wool dyeing with acid red 27. J. Appl. Polym. Sci. 97, 

2204–2214 (2005).
 60. Hampton, G. M. & Rattee, I. D. Surface barrier effects in wool dyeing part I—The location of the surface barrier. J. Soc. Dyers 

Colour. 95, 396–399 (1979).
 61. Garrett, D. A. & Peters, R. H. Effect of penetration on reflectance of dyed textile fibres. J. Text. Inst. Trans. 47, T166–T178 (1956).
 62. Ahmed, F. & Mondal, M. I. H. Introduction to natural fibres and textiles. In Fundamentals of Natural Fibres and Textiles (ed. 

Mondal, M. I. H.) 1–32 (Woodhead Publishing, 2021). https:// doi. org/ 10. 1016/ B978-0- 12- 821483- 1. 00001-2.
 63. Pierlot, A. P. Water in wool. Text. Res. J. 69, 97–103. https:// doi. org/ 10. 1177/ 00405 17599 06900 204 (2016).
 64. Jones, L. N., Rivett, D. E. & Tucker, D. J. Wool and related mammalian fibers. Handbook of Fiber Chemistry (eds Jones, L. N. et al.) 

(Marcel Dekker, 1998).
 65. Hill, C. A. S., Norton, A. & Newman, G. The water vapor sorption behavior of natural fibers. J. Appl. Polym. Sci. 112, 1524–1537 

(2009).
 66. Negri, A., Cornell, H. & Rivett, D. The nature of covalently bound fatty acids in wool fibres. Aust. J. Agric. Res. 42, 1285–1292 

(1991).
 67. Zambrano, M. C., Pawlak, J. J. & Venditti, R. A. Effects of chemical and morphological structure on biodegradability of fibers, 

fabrics, and other polymeric materials. BioResources 15, 9786–9833 (2020).

Acknowledgements
The authors would like to thank ‘Future Fashion Factory’ project funded by Arts and Humanities Research 
Council (AHRC, Award No. AH/S002812/1) and University of Huddersfield for providing the financial support 
to carry out this research work. Sincere thanks are also due to Fleet Green Farm and British Wool for supplying 
wool fibres for this research work.

Author contributions
S.P. Conceptualisation, Methodology, Investigation, Data curation, Formal analysis and Writing-Original draft. 
A.H. Conceptualisation, Methodology, Validation, Project Administration, Writing-Reviewing and Editing. 
S.R. Conceptualisation, Methodology, Validation, Project Administration, Writing-Reviewing and Editing. P.G. 
Conceptualisation, Methodology, Validation, Project Administration, Writing-Reviewing and Editing, Funding 
Acquisition.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 45689-w.

Correspondence and requests for materials should be addressed to S.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1007/978-94-011-0593-4_1
https://doi.org/10.1016/B978-0-12-821483-1.00001-2
https://doi.org/10.1177/004051759906900204
https://doi.org/10.1038/s41598-023-45689-w
https://doi.org/10.1038/s41598-023-45689-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Development of novel parameters for characterising scale morphology of wool fibre and its correlation with dye diffusion coefficient of acid dye
	Materials and methodology
	Materials
	Methodology
	Scouring
	Carbonising of wool fibre
	Dyeing procedure
	Dyeing kinetics and diffusion coefficient calculation


	Analysis
	Scanning electron microscopy (SEM)
	Measurement of scale perimeter
	UV–visible spectrophotometer

	Results and discussion
	Fibre diameter and its distribution
	Scale pattern of wool fibres
	Total scale perimeter and scale perimeter index (SPI)
	Correlation between dyeing kinetics and scale parameters
	Discussion on the correlation of surface morphology with fibre functionality
	Water sorption
	Biodegradation


	Conclusion
	References
	Acknowledgements


