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ABSTRACT 
 
The effect of refining and drying on fiber transverse 
dimension distributions of several eucalypt pulp 
species is studied. The traditional approach based on 
mean values of fiber properties is broadened to 
distribution analysis, and the effect of refining on 
standard deviation and skewness is discussed. Some 
eucalypt pulp species showed distinct changes in their 
standard deviation and skewness of fiber width and 
fiber wall thickness distributions. In addition, the 
effect of drying on fiber characteristics and the 
refining response of dried eucalyptus species are 
examined. Distributions obtained with automatic fibre 
analyser (Kajaani FiberLab) and their distribution 
characteristics are discussed. Characteristic features of 
the current measuring technique are considered. With 
rapidly improving image analysis, useful information 
is obtained to study the effect of fiber distributions on 
paper technical properties of eucalypt pulp fiber. 
 
Keywords: Transverse dimension distribution, mean 
value, refining, paper technical properties. 
 
INTRODUCTION 
 
Low consistency refining has long been used to 
improve the tensile strength of paper, but the 
mechanisms why refining produces these 
improvements is not fully understood and is still a 
topic of current research. The primary effects of 
refining are the creation of new surfaces, the creation 
of new particles and the structural changes to the fibers 
[1]. The major changes in fiber morphology that occur 
with refining have been thoroughly studied by Page 
(1989)[2].  
 
Refining is one of the most important unit operations 
in paper manufacturing, since it modifies the fiber 
properties and thus practically all properties of the end 
product. Some paper properties (such as tensile 
strength) improve, as fibers are refined further, 
whereas some properties (such as opacity) deteriorate. 
For critical property pairs such as tensile strength and 
opacity, a compromise must be made to ensure the best 
possible result in view of further processing and the 
needs of the end user.  
 

The refining of kraft pulp fibers affects the cross-
section dimension of the fiber, fiber length and fiber 
coarseness. The physical properties and the response to 
refining of un-dried and once-dried chemical pulps 
differ [3-5]. Dried and rewetted fibers are stiff, un-
dried more flexible or conformable. Correspondingly, 
the walls of dried and rewetted fibers are stiff. The 
difference between the refining response of dried and 
un-dried fibers is mainly due to the hysteresis effect 
[6]. 
   
The relationship between pulp fiber morphology and 
paper properties has been extensively studied over the 
years [7-13]. Fiber length and strength have been 
shown to be particularly important for tearing 
resistance [13-15]. The thickness of the fiber wall has 
an important bearing on most paper properties, with 
thick-walled fibers forming bulky sheets of low tensile 
but high tearing strength [7, 10]. 
 
Mean fiber dimensions alone are not sufficient 
predictors of sheet properties. Fiber wall thickness is 
of particular interest for describing fiber quality 
differences [16]. In recent years techniques to measure 
the length and cross-section of large samples of pulp 
fibers have received interest and novel measuring 
equipments have emerged.  
 
Sometimes the correlations between mean values of 
fiber dimensions and pulp papermaking properties are 
difficult to find, especially when mean values are in 
micrometer level.  
 
In an attempt to characterize the uniformity and quality 
of fibers, it has previously been suggested, that instead 
of focusing on the mean values, the heterogeneity of 
the fiber material should be taken into account [17-18]. 
When relying solely on the mean values, the 
heterogeneous nature of the fiber property remains 
unclear. The dimensions, physical properties and 
property distributions vary considerably between 
fibers. It is an interesting idea to investigate, if the 
width or the shape of the distribution (second and third 
central moment of the distribution, respectively) can 
be used to predict technical properties of paper.  
 
In the first part of this paper, the effect of refining on 
transverse dimension distributions of both un-dried 
and dried eucalyptus pulp fibers is investigated and 
discussed. All measurements carried out in this study 
are made with FiberLab fiber analyzer [19]. In 
addition, the characteristic features of this measuring 
technique and how eucalypt fiber distributions of fiber 
width and wall thickness obtained with FiberLab 
should be considered are discussed.        
   
In the second part of this paper, we examine the effect 
of fiber dimension property distributions on handsheet 
properties. Previous studies have concentrated on 
mean dimensions of fibers whereas this study 
examines the effect of both standard deviation and 



skewness of these dimensions. To date, no systematic 
study of the relationship between distributions of fiber 
transverse dimension and sheet properties of 
eucalyptus pulps has been published. The dimensional 
characteristics vary widely within a fiber population. 
Knowledge of the dimensional distribution is 
important when assessing the overall properties of the 
population, to judge if some fibers should be given 
further treatment, and to predict the effect of the 
distributions on the end use properties.  
 
EXPERIMENTAL 
 
Materials 
 
The hardwood pulps included in the first part of this 
research were of industrial grade, and consisted of 
eucalypt pulps (E. grandis/E. saligna (50/50%), E. 
nitens/E. globules (~80/20%), E. urograndis and E. 
grandis/E. dunnii (90/10%) with different drying 
history. E. grandis/E. saligna contains roughly 50/50 
of each species, E. nitens/E. globules is mostly E. 
nitens, and E. grandis/E. dunnii is mostly E. grandis. 
All pulps were refined by laboratory model Voith 
Sulzer refiner. The refining tackle used was a disk 
blade with a stock concentration of 4% at a specific 
edge load of 0.4 J/m with refining energies of 0, 40, 80 
and 120 kWh/t. Two samples of each pulp were taken. 
Both of these samples were machine dried and refined. 
One sample was analyzed with FiberLab directly from 
the pulp suspension without any additional drying. The 
other sample was dried in a laboratory oven (105°C) 
before analysis. In this study, the samples are referred 
as un-dried and dried, respectively. In the second part 
of this study, only un-dried pulps are used to correlate 
fiber wall thickness and handsheet properties. 
 
Handsheet preparation  
 
Handsheets were made in a standard laboratory 
handsheet former with white water recycling according 
to the SCAN C26:76 standard.  
 
Measurements of fiber dimensions 
 
The FiberLab measurement equipment consists of the 
analyzer and the sample unit. Two CCD cameras 
capture fiber images. The direct results are the length, 
width and thickness of the cell wall of the fiber. The 
calculated values are the curl index, coarseness, cross-
sectional area and volume index [19]. Procedures of 
fiber and image processing to obtain fiber properties 
have been described in detail elsewhere [19]. 
 
The results used in this study are calculated from 
measurements of individual fibers. A Fortran program 
was developed where the fiber widths and wall 
thickness are divided into intervals of 0.74 µm. An 
average of 6000 fibers were measured in one sample. 
The program calculates the characteristics of the 
distributions, i.e. mean, standard deviation and 

skewness, for fiber length, width and fiber wall 
thickness. Program also predicts tensile index, elastic 
modulus and bulk on the basis of measurements of 
fiber wall thickness.   
 
RESULTS AND DISCUSSION 
 
The effect of refining on distributions of fiber 
properties 
 
Refining does not change the mean of length-weighted 
fiber length distributions (Table 1). However, the 
average fiber lengths measured by FiberLab should be 
treated with caution, since they are the average of all 
of the measured fibers, which include long fibers as 
well as cell wall fragments and fines. By using either 
length-weighted or weight-weighted fiber lengths, the 
influence of fines and cell wall fragments can be 
compensated. It is known that the length-weighted 
fiber length is a good indicator of the sheet strength 
[20] because the averaging process reduces the 
influence of the fines, which do not act as a load 
bearing elements within the formed sheet. However, 
the results obtained with length-weighted and weight-
weighted length distributions are almost similar and 
therefore both can be used. The changes of standard 
deviation and skewness are presented in Table 2. The 
shapes of the distribution curves fit the three-
parameter Weibull distribution function [21]. The use 
of Weibull distribution to describe characteristic 
distribution shapes of different pulps has been 
previously discussed [22]. Weibull distribution was 
found to be very flexible in shape, and it can be used 
to characterize practically all important property 
distributions. In a previous study [22], the method of 
moment [23] was used to find the parameters of the 
distributions from the measured data. In this study, 
discrete distributions are used. 
 
 



Table 1. Effect of energy loads on the mean fiber dimensions measured with FiberLab analyzer. 
Pulp refining energy (kWh/t) fiber length (mm) width (µm) wall thickness (µm) cross-sectional area (µm2)

E.Urograndis un-dried 0 0.82 15.90 3.29 180
40 0.82 15.69 3.37 185
80 0.82 16.05 3.48 190

120 0.81 15.98 3.48 187

E.Urograndis dried 0 0.83 15.43 3.32 178
40 0.81 15.33 3.30 175
80 0.81 15.24 3.24 175

120 0.80 15.18 3.24 173

E.Grandis/E.Dunnii un-dried 0 0.81 15.89 3.42 182
40 0.82 16.17 3.65 191
80 0.82 15.96 3.68 192

120 0.82 16.28 3.69 195

E.Grandis/E.Dunnii dried 0 0.81 15.81 3.44 187
40 0.81 15.68 3.36 187
80 0.80 15.55 3.35 184

120 0.80 15.48 3.34 181

E.Grandis/E.saligna un-dried 0 0.80 15.96 3.14 174
40 0.81 16.37 3.36 185
80 0.82 16.32 3.43 188

120 0.81 16.19 3.44 187

E.Grandis/E.saligna dried 0 0.79 15.94 3.08 178
40 0.79 15.62 3.06 177
80 0.78 15.44 3.05 177

120 0.78 15.36 3.05 176

E.Nitens/E.globules un-dried 0 0.81 16.02 3.34 189
40 0.82 15.97 3.53 186
80 0.81 16.40 3.65 199

120 0.82 15.96 3.51 190

E.Nitens/E.globules dried 0 0.82 15.62 3.30 178
40 0.82 15.60 3.31 175
80 0.80 15.56 3.34 175

120 0.80 15.55 3.36 173  
 
Table 2. Characteristics of discrete fiber length distributions and their relative change in refining.  
before refining E.grandis/E.salignaun-dried E.grandis/E.salignadried E.nitens/E.globulesun-dried E.nitens/E.globulesdried E.urograndisun-dried E.urograndisdried E.grandis/E.dunniiun-dried E.grandis/E.dunniidried

mean (mm) 0.80 0.79 0.81 0.82 0.82 0.83 0.81 0.81
variance (mm) 0.232 0.228 0.233 0.233 0.219 0.228 0.217 0.215
skewness -0.121 -0.117 -0.127 -0.127 -0.178 -0.124 -0.162 -0.176
after refining
mean (mm) 0.81 0.78 0.82 0.80 0.81 0.80 0.82 0.80
variance (mm) 0.239 0.227 0.237 0.228 0.226 0.236 0.223 0.221
skewness -0.104 -0.109 -0.112 -0.128 -0.131 -0.117 -0.155 -0.152
∆ mean (%) 0.40 -2.20 0.29 -3.39 -0.61 -3.07 0.44 -0.91
∆ variance (%) 3.11 -0.31 1.71 -2.46 3.12 3.41 2.50 2.86
∆  skewness (%) 13.95 6.63 11.79 -0.67 26.52 5.84 3.76 13.70  
 
 
The increase of the variance and the skewness of fiber 
length distribution of un-dried fibers can be 
contributed to straightening of the fibers and to the 
formation of secondary fines during refining. The 
increased amount of mid sized fractions results in 
unchanged mean values calculated as length-weighted 
fiber length. The tails of the fiber length distributions 
are more skewed to the left, therefore the skewness 
values are negative. Refining of dried fibers had no 
particular trend on the distributions.  
 
The width of un-dried eucalypt fibers can either 
increase or remain unchanged when refining energy is 
applied. The response to refining for dried and 
rewetted fibers deviates markedly from that of undried 
fibers, where fiber width generally increase rather than 
decrease. 
 
The mean width of un-dried eucalypt pulps is slightly 
increased (Table 3). As Figure 1 and Table 3 depicts, 
the changes of the standard deviation and especially in 
the skewness are noticeable but do not follow any 
particular trend.  
 

The mean width of the dried fiber decreases and the 
corresponding distribution becomes more 
homogenous. The results of the refining process are 
more clearly seen when considering the whole 
distribution. The relative changes in the mean values 
of the fiber width are minor, but changes in standard 
deviation and skewness are more distinctive (Table 3).  
 
The mean of the fiber wall thickness of the un-dried 
eucalypt fiber samples increases as refining energy is 
applied and the distribution of wall thickness becomes 
more heterogeneous (Figure 2) and fiber wall swells. 
When examining the relative changes in fiber 
characteristics, both the mean values and the standard 
deviations change moderately (Table 4). Though, there 
is no clear pattern how fiber wall distributions behave. 
The standard deviation of un-dried fibers of E. 
urograndis is reduced significantly. The change in 
skewness is high for un-dried fibers. This is probably 
due to the detachment of fragments from the fiber wall 
to create new particles. This cannot be seen in length-
weighted fiber length distributions, since in length-
weighted distribution the influence of fines and cell 
fragments is compensated.  
 



The mean of the fiber wall thickness of the dried 
eucalypt fibers remains practically the same. The 
distributions of cell wall thickness are affected 
significantly. It seems that dried fibers are more rigid 
than un-dried fibers [5]. Drying closes most of the 
large pores and a substantial amount of the small 
pores. Even though the pore volume of previously 
dried pulps can be recovered by refining (i.e., the pulp 
can be re-swollen), some small pores, which are closed 
in drying, are not re-opened by normal levels of 
refining. In other words, refining does not completely 
reverse hornification [6].  

The relative decrease in skewness values varies 
between 30-250%. It seems like dried fibers 
delaminate more easily than the un-dried fibers. The 
increase in swelling of the fibers could explain the 
unchanged mean of fiber wall thickness. 
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Figure 1.  Fiber width distributions for un-dried and dried eucalypt fibers (refined fibers with dotted lines). 

Table 3.  Characteristics of discrete fiber width distributions and their relative change in refining. 
before refining E.grandis/E.salignaun-dried E.grandis/E.salignadried E.nitens/E.globulesun-dried E.nitens/E.globulesdried E.urograndisun-dried E.urograndisdried E.grandis/E.dunniiun-dried E.grandis/E.dunniidried

mean ( µ m) 15.96 15.94 16.02 15.62 15.90 15.43 15.89 15.81
variance ( µ m) 6.07 7.40 7.34 7.27 7.66 6.36 5.67 6.46
skewness 8.73 10.75 14.58 16.58 9.45 8.85 13.19 9.40
after refining
mean ( µ m) 16.19 15.36 15.96 15.55 15.98 15.18 16.28 15.48
variance ( µ m) 5.93 5.80 5.77 6.88 8.21 6.12 6.15 6.70
skewness 9.03 11.99 9.02 10.12 13.80 9.04 11.98 3.14
∆  mean (%) 1.41 -3.78 -0.40 -0.47 0.46 -1.64 2.39 -2.12
∆  variance (%) -2.44 -27.70 -27.19 -5.60 6.63 -3.82 7.88 3.50
∆  skewness (%) 3.35 10.36 -61.65 -63.83 31.55 2.06 -10.06 -199.75  
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Figure 2.  Fiber wall thickness distributions for un-dried and dried eucalypt fibers (refined fibers with dotted lines). 

 
 
 
 
 
 



Table 4. Characteristics of discrete fiber wall thickness distribution and their relative change in refining.

before refining E.grandis/E.salignaun-dried E.grandis/E.salignadried E.nitens/E.globulesun-dried E.nitens/E.globulesdried E.urograndisun-dried E.urograndisdried E.grandis/E.dunniiun-dried E.grandis/E.dunniidried

mean ( µ m) 3.14 3.08 3.34 3.30 3.29 3.32 3.42 3.44
variance ( µ m) 2.15 2.43 2.22 2.26 2.35 2.42 2.07 2.30
skewness 2.38 4.92 2.16 4.65 4.17 6.44 1.14 3.27
after refining
mean ( µ m) 3.44 3.05 3.51 3.36 3.48 3.24 3.69 3.34
variance ( µ m) 2.23 1.96 2.25 2.22 2.16 2.08 2.14 2.42
skewness 1.73 1.44 1.67 2.52 1.26 1.99 0.61 2.32
∆  mean (%) 8.68 -1.03 4.97 1.83 5.38 -2.41 7.35 -3.02
∆  variance (%) 3.74 -23.87 1.40 -1.56 -8.86 -16.32 2.98 4.79
∆  skewness (%) -37.52 -241.71 -29.22 -84.77 -230.14 -224.07 -85.59 -40.94

 
 
 

 
 

Sheet properties in relation to fiber properties 
 
Fiber morphology and paper properties tested from 
lab or machine made paper are the two kinds of 
information required to predict the suitability of a 
pulp for making certain paper grades. The 
maximization of the potential of fiber raw material 
can be done, in addition to find the best possible 
defiberization conditions, for example, by refining. 
Whereas, the potential of fractionating and possible 
after-treatment of different fractions has been only 
limitedly exploited. The guidelines of fractionating 
with eucalypt fibers are still fuzzy. There are models 
that use eucalypt fiber length distributions to predict 
their sheet properties [24,25], but no systematic study 
was found about the effect of fiber wall thickness 
distributions on sheet properties.    
 
The effect of wall thickness distributions of un-dried 
and un-refined pulp is discussed as an indicator for 
bulk, tensile index and elastic modulus.  
 
A discrete distribution representation divides the 
desired fiber property into intervals. However, it is 
feasible to know the distributions inside the interval. 
Computationally, discrete solutions are more simple 
to program. When linking technical properties of 
paper to distribution characteristics the advantage of 
discrete distributions is that very divergent fibers can 
also be taken into account. Mathematical distributions 
ignore highly deviant values that exist and can be of 
considerable importance. Small differences, i.e. single 
fibers, vessels or fiber flocs, can be detected from 
discrete distributions. If these prove to be of great 
importance, then discrete distributions should be 
used.  
 
Bulk is a very important property for both mechanical 
properties and printability of various paper grades, 
particularly lightweight paper grades that require 
good bending stiffness. Bulk is a function of the 
extent of collapse and conformability of the fibers 
during sheet formation. Thus, fibers with small 
diameter and thick cell walls tend to be more rigid 
and form weak bulky sheets.   
 
For example, average fiber wall thickness of once-
dried eucalypt kraft pulp shows no correlation with 
bulk. Figure 3 presents bulk as a function of the 

standard deviation and skewness for the same 
distributions. Both standard deviation and skewness 
have a good correlation with bulk. It seems like that 
the widest distributions yield the bulkiest sheets.  
 
The increased bulk can be attributed to the high 
coarseness of the thick-walled fractions of the pulps 
and the lower collapsibility of these fractions after the 
sheet is formed and dried. Further investigations 
should be made in order to confirm the findings 
presented here. The fractionation and thorough 
analysis of eucalypt on the basis of fiber wall 
thickness would probably give meaningful 
information about the effect of various fractions on 
paper technical properties. 
 
 MD tensile properties instead of CD tear are 
considered to be the main factors controlling paper 
breaks in the pressroom [26]. As previously stated, 
the length-weighted fiber length is a good indicator of 
sheet strength because the averaging process reduces 
the influence of fines, which do not act as load 
bearing elements within the formed sheet. Wall 
thickness distributions, however, can also be used to 
predict sheet strength. 
 
Plots of tensile index and elastic modulus versus the 
standard deviation and skewness of eucalypt pulp 
(Figures 4 and 5) show a clear negative correlation of 
these properties and their distribution characteristics. 
Tensile stiffness index also has a negative correlation 
as a function of standard deviation and skewness. 
 
It seems like narrow fiber wall thickness distributions 
have the highest tensile strength and elastic modulus. 
This can be a result of a homogeneous structure of 
formed sheets, since fibers with narrowest and most 
symmetrical wall thickness distributions yield the 
strongest sheets. Although the bending stiffness (Sb) 
was not calculated in this study, it can be estimated 
from the elastic modulus (E) and sheet thickness (h) 
according to the equation: 
 

Sb= 12
* 3hE

    (1)                         

  
Therefore, both the elastic modulus and bulk of the 
sheets have an effect on bending stiffness.  



Table 5 shows the correlations (R2 values) between 
fiber wall thickness distributions and paper technical 
properties of handsheets.   
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Figure 3.  Bulk as a function of standard deviation and skewness of fiber wall thickness for un-refined pulp.
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Figure 4. Tensile index and elastic modulus as a function of standard deviation of fiber wall thickness for un-refined 
pulp. 
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Figure 5. Tensile index and elastic modulus as a function of skewness of fiber wall thickness for un-refined pulp. 
 
 
 
 
 
 
 
 



Table 5. Correlations (R2 values) between fiber wall thickness moments and technical properties of paper.  
 

T e n s i le  in d e x T e n s i le  s t i f fn e s s B u lk E la s t ic  m o d u lu s
(N m / g ) in d e x  (k N m / g ) (c m 3 / g ) (M p a )

s ta n d a r d  d e v ia t io n  (µ m ) 0 .6 7 0 .6 0 0 .6 6 0 .7 1
F ib e r  w a ll
th ic k n e s s

s k e w n e s s 0 .6 5 0 .5 9 0 .6 4 0 .6 1

CONCLUSION 
 
Refining is an important mechanical treatment of 
fibers to improve performance of paper. In this study, 
the effect of refining and drying of several eucalyptus 
pulps on fiber transverse dimension distributions was 
studied. The response to refining of dried and rewetted 
fibers deviates markedly from that of un-dried fibers.  
 
The mean fiber wall thickness of the un-dried eucalypt 
fiber samples increases as refining energy is applied 
and the distribution of wall thickness becomes more 
heterogeneous. The change in the mean values and in 
standard deviation is moderate. The effects of the 
refining process were more clearly seen when 
considering the whole distribution. The skewness is 
reduces significantly. For the dried eucalypt fiber 
samples, the mean fiber wall thickness remains the 
same or decreases only slightly. The cell wall 
thickness distributions are still significantly affected. 
 
The results obtained here clearly indicate that fiber 
morphology of eucalypt pulps effects physical 
properties of sheets. Tensile strength was high for 
pulps with narrow fiber wall thickness distributions 
(low standard deviation and skewness). Almost similar 
results can be obtained from measurements of tensile 
stiffness. The narrower the distribution, the higher the 
tensile stiffness index. If one or two very divergent 
measuring points would be excluded, also the mean 
values would have moderate correlation with these 
properties. The meaningfulness of mean values 
compared to those of standard deviation and skewness 
is yet to be discovered. The number of samples 
available for this research has been limited. Bulk had 
positive correlation with standard deviation and 
skewness of the fiber wall thickness. This favours 
wider distributions, which may result from the high 
coarseness of the thick-walled fractions in the pulps 
and the lower collapsibility of these fractions after the 
sheet is formed and dried. Again, if the deviant 
measuring point is removed, the correlation of bulk 
with the wall thickness mean values is positive.  
 
Many of the differences in sheet physical properties of 
these pulps can be explained by differences in fiber 
transverse dimensions. Further studies with larger 
number of pulps are needed to confirm these findings.  
 
Most important findings of this study are: 
 

• The response to refining of dried and 
rewetted fibers deviates markedly from that 
of un-dried fibers 

• The mean values of fiber wall thickness of 
dried eucalypt fibers are not significantly 
affected, whereas the skewness of dried fibers 
is reduced significantly 

• The mean values of fiber wall thickness of 
un-dried eucalypt fibers increase as refining 
energy is applied, whereas the standard 
deviation is slightly increased and the 
skewness is reduced  

• Narrow fiber wall thickness distributions 
result in high tensile property values 

• Wide fiber wall distributions result in high 
bulk  
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