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Abstract The structure of the fibre network in tis-
sue paper can be complex and difficult to analyze, 
due to the presence of superimposed structures such 
as creping and patterns that occur, for example, in 
through-air-dried (TAD) tissue. Properties like high 
absorbency, a pleasant handfeel, and strength-related 
characteristics are closely related to the fibre network 
structure. Therefore, in addition to standard tissue 
testing methods, techniques that provide insights into 
the intrinsic properties of the tissue fibre network are 
essential for a deeper understanding and potential for 
further optimization. In this study, we utilized 2D 
cross-sectional images and 3D X-ray microtomog-
raphy ( �-CT) to evaluate and quantify the intrinsic 
properties of highly structured TAD tissue. We com-
pared the results obtained from these two methods, 
focusing on intrinsic thickness, porosity, and the fibre 
volume to fibre surface area (Fv/Fs) ratio. The open 
structure of the fibre network, fabric patterns, creping, 
and protruding fibres make it challenging to define 
bulk boundaries. Therefore, we examined the effect 
of different bulk expansion diameters on intrinsic 

properties. This procedure allows to quantify the 
effects of under- and overestimation of bulk bounda-
ries, and to determine which regions within the fibre 
network are affected by bulk expansion. In terms of 
intrinsic thickness, both 2D and 3D evaluations show 
similar trends, which facilitates direct comparison 
of 2D and 3D data. Porosity, on the other hand, does 
not show any correlation between 2D and 3D-based 
data. Together with the Fv/Fs parameter, this leads 
to the conclusion that the depiction of 2D data does 
not represent the whole fibrous material but predomi-
nantly fibres perpendicular or close to perpendicular 
to the cut plane, whereas 3D data represents all fibres, 
fibre bonds and network connectivity. This work aims 
at presenting modern approaches and novel proce-
dures to quantify intrinsic properties of open fibre 
structures such as tissue, but could also be applied 
to fibrous networks in general. The introduced meth-
ods could provide the basis for future research on the 
interrelations between intrinsic properties and key tis-
sue properties such as absorbency and handfeel.
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Introduction

In recent years, significant efforts have been made 
to holistically understand and characterize the net-
work structure of cellulose fibre based materials. 
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Regardless of grades considered, such as writing and 
packaging papers, nonwoven-based products or bio-
degradable hygiene papers such as tissue, they all 
have a complex and difficult accessible structure in 
common. Compared to other grades, tissue products 
used on a daily basis like kitchen towels, bathroom 
paper or napkins and handkerchiefs differ greatly in 
terms of fibre network structure. A low basis weight 
combined with a high required bulk results in a very 
open network structure, not comparable to writing or 
packaging paper, where strength and optical prop-
erties are of predominant interest. Softness, water 
absorbency and wet strength are key properties for 
tissue which, among other things, strongly depend on 
fibre network properties such as porosity (Kullander 
et al. 2012; de Assis et al. 2018; Pawlak et al. 2022). 
Thus a better understanding of the intrinsic properties 
of tissue paper networks would be beneficial.

Final tissue characteristics depend mainly on the 
fibre furnish and machine technology used (de Assis 
et  al. 2018). Typically, a blend of virgin softwood 
(SW) and hardwood (HW) pulp fibres is used for high 
quality tissue, but recycled and non-wood fibres are 
playing an increasingly important role as an alter-
native fibre resource (de  Assis et  al. 2019; Zam-
brano et al. 2021; Kumar et al. 2022). Modern tissue 
machine concepts can be divided in dry-creped tissue 
(DCT), through-air-dried (TAD) and hybrid technolo-
gies. The TAD technology minimizes mechanical 
dewatering and uses solely hot air to dry the tissue 
web prior to the Yankee cylinder and creping. TAD 
tissue requires a high amount of thermal energy, 
which is why this technology is mainly used for high 
quality grades with high bulk requirements (de Assis 
et  al. 2018). TAD tissues have textured surfaces, 
caused by the wet moulding effect during production. 
The pattern and topography of the TAD fabric has a 
major influence on the resulting tissue properties in 
terms of bulk, stiffness and water absorption and is 
optimized in various ways (McCabe 2011). Due to 
the increased complexity of TAD tissue with several 
superimposed structures such as formation, crepe and 
patterns, the proper characterization of the tissue bulk 
properties is challenging.

Standard measurements of tissue bulk properties 
are caliper (DIN EN ISO 12625-3), basis weight 
(DIN EN ISO 12625-6) and the resulting apparent 
bulk/density. From these properties the bulk poros-
ity is often estimated using the density of cellulose 

fibres (Vieira et  al. 2022; Stankovská et  al. 2020; 
Morais et  al. 2022). Especially the use of the cali-
per as basis for subsequent parameters can be con-
sidered critical, since the caliper does not represent 
the actual thickness of structured tissue such as, for 
instance, TAD (Sung et al. 2005). Machado Charry 
et  al. (2018) introduced the concept of intrinsic 
properties to differentiate between properties based 
on measurements inside and outside of the bulk. 
The measured caliper of the structured tissue under 
load for instance, is far higher than the mean intrin-
sic thickness of the fibre network. To access the 
actual bulk structure, measurements which depict 
the cross section of tissue paper are inevitable. In 
the following several destructive and non-destruc-
tive 2D and 3D methods recently applied in paper 
structure analysis are introduced.

In the field of low basis weight papers, such as tis-
sue, a study regarding the non-destructive 2D cross 
section evaluation was recently performed by Agar-
wal et al. (2023). They developed an optical method 
for high resolution cross-sectional edge images with 
a subsequent evaluation of the centerline to deter-
mine the crepe index of dry-creped tissue. However, 
destructive methods for cross-sectional evaluation 
are more common. In particular, scanning electron 
microscopy (SEM) has been widely used despite the 
quite laborious material preparation such as coating, 
cutting and critical measuring environment (cool-
ing). Das et al. (2020) combined optical cross section 
images with SEM data to determine the dominant 
crepe wavelength in DCT. Cross-section SEM images 
were qualitatively used by de Assis et  al. (2020) to 
show the effect of compressive forces at the creping 
blade on fibre web structure. A quantitative evalua-
tion based on SEM was done by Vieira et al. (2022) 
to determine the crepe wave height impacted by 
mechanical compression by embossing. Kumar et al. 
(2022) used SEM for the characterization of the fibre 
lumen collapsibility due to different refining energy. 
A qualitative analysis of the cross-section based on 
SEM images was published by Frazier et  al. (2022) 
to evaluate the impact of dust particles on the fibre 
network. Morais et  al. (2021) showed the densifica-
tion effect of microfibrillated cellulose (MFC) as an 
additive in tissue paper using cross-sectional SEM 
images. Despite the frequent use of the SEM method 
in previous works, the application is often limited to 
qualitative analysis because the field of view (FoV) 
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is small relative to the effort required in sample 
preparation.

Another approach to characterize 2D cross-sec-
tions of paper is based on optical image acquisition 
of paper samples embedded in resin, presented by 
Wiltsche et al. (2011). Their automated serial section-
ing technique, which combines a rotary microtome 
and an optical microscope, allows them to exam-
ine the cross-section of papers and to analyze, for 
instance, the fibre wall thickness or the thickness of 
the coating layer. In this work this microtome tech-
nique is used for tissue cross-section evaluation for 
the first time. A detailed overview of the procedure is 
presented in the methods section.

A technique for tissue characterization that is not 
based on obtaining cross-sections is twin laser pro-
filometry (TLP), which was introduced and applied by 
Sung et al. (2005) and Keller et al. (2009, 2022). TLP 
utilizes laser triangulation to measure the relative dis-
tance between both tissue surfaces and repeats this in 
the lateral direction to produce a map of the thickness 
distribution of a given area (Sung et  al. 2005). The 
technique is also suitable for intrinsic thickness meas-
urement of highly textured and embossed tissue, as 
out-of-plane deviations can be eliminated.

An effective but also elaborate approach to meas-
ure 3D bulk of fibre-based structures is based on 
X-ray microtomography ( �-CT). This non-destruc-
tive method enables access to the inner bulk network 
including fibres and pores on a micrometer scale 
based on radiographs. The fibre network can be fully 
reconstructed in three dimensions, segmented and 
evaluated voxel-wise. �-CT measurements are per-
formed in all fields of science, including the study 
of cellulose based networks such as paper and tis-
sue. One of the first approaches of imaging the paper 
bulk structure was published by Samuelsen et  al. 
(2001) based on synchrotron �-CT. Previous works 
relied predominantly on X-ray synchrotron radiation, 
which enables a high flux of photons, short measure-
ment times and high resolution. The necessary equip-
ment is expensive and located in specialized institutes 
such as the European Synchrotron Radiation Facility 
(ESRF). du  Roscoat et  al. (2005) have carried out 
extensive work on fibre and filler segmentation to 
evaluate pore size and filler content in printing and 
packaging paper, based on �-CT data from the ESRF. 
Another approach to characterize the pore structure of 
cardboard using the ESRF beam line was performed 

by Axelsson and Svensson (2010). Several other �-
CT studies were carried out for printing or packaging 
papers. Focusing on their porosity (Machado Charry 
et  al. 2018; Neumann et  al. 2021) or connectivity 
properties like fibre-fibre bonds (Wernersson et  al. 
2014; Borodulina et al. 2016).

With respect to tissue paper, measurements and 
evaluations based on �-CT have rarely been described 
in previous works. Ismail et  al. (2020) used �-CT 
for qualitative assessment of the crepe structure of 
the tissue surface together with SEM measurement. 
Keller et al. (2010) used a synchrotron device at the 
ESRF to image the z-direction of mass of paper tow-
els. In a more recent study Keller et al. (2022) used 
�-CT data as basis for numerical simulation of the 
wetting behaviour of embossed tissue grades (DCT, 
TAD).

As already mentioned, the bulk structure of tissue 
paper is not comparable with other paper grades in 
terms of porosity, topography and thickness. There-
fore, the evaluation of the bulk structure of this very 
open fibrous network needs to be adapted. First, the 
FoV must be significantly increased, especially for 
highly structured tissue such as TAD to obtain multi-
ple repetitions of each structure. Secondly, the defini-
tion of the tissue bulk boundaries is difficult due to 
holes, protruding fibres and superimposed structures. 
Available algorithms from conventional paper imag-
ing analysis, like the rolling ball approach used by 
Machado Charry et al. (2018); Neumann et al. (2021), 
are difficult to implement for tissue due to these 
holes and protruding fibres. Therefore, a morphologi-
cal approach as applied by Borodulina et  al. (2016) 
seems more appropriate for tissue. Keller et al. (2022) 
defined bulk boundaries by connecting z-direction 
extrema points at each in-plane position followed by 
a smoothing 3D moving average algorithm to account 
for protruding fibres.

In this work we have investigated the bulk struc-
ture of TAD tissue using different measurement meth-
ods and evaluated intrinsic bulk parameters such as 
thickness and porosity. Prior to bulk measurement 
we determined the apparent lateral structure size of 
the fabric patterns with an areal surface measure-
ment system based on focus variation (Reitbauer 
et  al. 2021). We analyzed the tissue samples using 
a destructive 2D method (microtome) and a non-
invasive 3D measurement ( �-CT). The 2D and 3D 
data are evaluated based on intrinsic thickness and 
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porosity, and new parameters are also introduced to 
evaluate structural features. Besides discussing pos-
sible evaluation methods, this work also aims at dis-
cussing the challenges in tissue bulk analysis based 
on the obtained 2D and 3D data.

Materials and methods

Materials

In this study, four single-ply and unconverted TAD 
tissue samples were investigated with respect to their 
bulk and topographical properties. Sample K1 and K2 
are kitchen towel grades and sample T1 and T2 refer 
to toilet paper grades. All tissue samples consist of 
a blend of softwood and hardwood kraft pulp fibres. 
The fibre properties, evaluated with a commercial 
flow cell based fibre analyzer (L&W fibretester), are 
listed in Table 1. The fines content evaluation is based 
on the ISO 160625-2 standard and the specified fibre 
length, width and fines content are length-weighted. 
To determine the single fibre properties the tissue 
samples were disintegrated. Basic properties of tissue 
paper samples like caliper (DIN EN ISO 12625-3) 
and basis weight (DIN EN ISO 12625-6) are deter-
mined based on a 10-ply stack. The values are listed 
in Table 2. 

Surface topography

The topography of TAD tissue is mainly affected by 
the used TAD fabric. In order to classify our samples, 
measurement methods are necessary that provide 
suitable parameters to characterize the tissue topogra-
phy. We used the principle of focus variation to deter-
mine the 3D surface data of the Yankee-side of the 
four samples. The measurement procedure of focus 
variation is explained in detail in previous work (Reit-
bauer et  al. 2021) using the Infinite focus measure-
ment device (IFM Model G3, Bruker-Alicona, Graz, 
Austria) to determine the mean structural size of the 
fabric patterns and their height. The tissue topography 
can be determined by the variation of the focal point 
within the z-direction. The height distance between 
the focal point of tissue surface and the optical sen-
sor is measured. By repeating this procedure for the 
entire lateral size of the sample, a continuous surface 
profile can be obtained. In post processing a waviness 

filter was applied to eliminate small structures like 
single fibres. Consequently, only large structures like 
the TAD fabric pattern are visible. The 3D surface 
topography for all samples is shown in Fig.  1. As 
height parameter, the areal based root-mean-square 
height (Sq), also noted for each sample in Fig. 1, was 
used. To determine the size of the apparent periodi-
cal structures a power spectral density (PSD) analysis 
was carried out. Based on the PSD analysis, which is 
described in detail in Reitbauer et al. (2021), the larg-
est periodical structure size (Lps) can be calculated 
and is shown in Fig. 1. Based on the Lps, the neces-
sary FoV for subsequent measurements such as �-CT 
can be defined for each sample. We set the minimum 
length of the FoV in �-CT measurements to 3.85 mm 
to depict at least twice the size of one fabric structure. 

Microtome measurement and evaluation procedure

Measurement and sample configuration

As already mentioned in the introduction, in pre-
vious works tissue bulk characterization has often 
been based on 2D data of the cross-section. In con-
trast to SEM measurements to determine tissue 
cross-section, microtome measurement does not 
require special preparation requirements in addi-
tion to embedding. Furthermore, a much larger 
FoV can be obtained at a given resolution. The 
instrumental set-up used in this study is based on 
the development of Wiltsche et al. (2011), although 
minor adjustments were necessary for tissue paper. 
One adaptation, for instance, is the increase of the 
FoV to get a robust amount of periodical struc-
tures, such as fabric patterns and crepe, captured. 
The cross-section is observed with a moveable opti-
cal microscope (ALC1 3-CMOS, Bruker-Alicona, 
Graz, Austria). By moving the microscope, a series 
of images, which are stitched together in a post-pro-
cessing step, is captured. This enables a large FoV 
combined with a high resolution. The used magni-
fication was 10× , resulting in a pixel size of 0.614 
μm at a stitched cross section length of 18 mm per 
cut. A sufficient amount of periodic patterns from 
the TAD fabric is given when considering the Lps 
of the observed samples (see Fig.  1). Each sample 
was cut both in MD and CD and embedded with a 
methacrylate-based resin into the specimen holder. 
The resin immobilizes the tissue and allows smooth 
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cuts in the subsequent measurement. Herein, a 
microtome together with a diamond knife is used 
to cut slices off the embedded sample. In total four 
cuts per direction and sample were acquired at a 
distance between the cuts of 1 mm, which results in 
eight cross-section profiles with 18  mm length per 
sample.

Segmentation of fibre network

Image processing of microtome data was performed 
using MATLAB (R2019b - MathWorks, Massachu-
setts, USA). The procedure is depicted in Fig. 2. Based 
on the segmentation method of Otsu (see Otsu et  al. 
1979), the raw image slices (a) were binarized (b) with 
an adaptive threshold for each tissue sample based on 
the background mean grey value. The subsequent steps 
(c) and (d) are discussed in the results section.

�-CT measurement and evaluation procedure

Measurement and sample configuration

For 3D characterization we used a �-CT measure-
ment system. Compared to synchrotron facilities, the 

Fig. 1  Surface topography of all four measured samples. K1 
and K2 are kitchen towels, T1 and T2 toilet tissue. Surface 
measurements were carried out with the Infinite focus device 

from Alicona. Sq represents the areal quadratic mean square 
height of the filtered waviness surface and Lps the largest peri-
odical structure size of the surface pattern

Table 1  Overview of 
the single fibre properties 
(length weighted)

Sample Fibre length [mm] Fibre width [μm] Fines [%] Coarseness [μg/m]

K1 1.44 ± 0.00 24.9 ± 0.06 12.7 ± 0.17 154.8 ± 0.83
K2 1.67 ± 0.05 27.1 ± 0.17 14.05 ± 0.64 166.8 ± 1.27
T1 1.06 ± 0.01 20.4 ± 0.09 22.25 ± 0.29 79.3 ± 1.25
T2 1.06 ± 0.00 20.1 ± 0.06 19.83 ± 0.21 71.3 ± 0.80

Table 2  Basic properties of tissue paper samples based on 
stack (10-ply) measurements

Sample Basis weight [g/m2] Caliper [μm]

K1 21.14 309
K2 21.62 287
T1 20.15 211
T2 23.08 211
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measurement time is longer, however, resolution is 
high and access to such devices is much easier. Scans 
were performed using the lab-scale UniTOM HR 
device (TESCAN ORSAY HOLDING, Brno, Czech 
Republic). The acceleration X-ray voltage was 60 kV, 
and the target current was 91 μA. For each scan, 2286 
projections were acquired with an angular range of 
360 degrees. Each projection was taken with a DEX-
ELA camera with an exposure of 1.29  s, five aver-
ages, and a two-times binning. The isotropic voxel 
size for all scans and samples was 1.2 μm. For each 
sample, five scans were stacked in the z-direction to 
have a FoV of about 1.83 mm × 3.85 mm. This FoV 
is sufficient to capture the apparent periodic struc-
tures caused by the TAD fabric.

A stacked sample configuration, as proposed by 
Neumann et al. (2021), was used to increase the vol-
ume of tissue material per scan. A representation of 
this configuration is depicted in Fig.  3. Three lay-
ers of tissue were stacked in a Kapton tube with a 2 
mm inner diameter and separated from each other 
with Kapton strips. The use of Kapton (Polyim-
ide thin film) as a sample holder and fixation of the 
tissue during the scan is explained by its transpar-
ency for X-rays, moreover it doesn’t interfere with 
the absorption contrast (Neumann et  al. 2021). The 
described measurement configuration allows the 

stacking of scans along the z-axis, making a larger 
sample volume accessible. In this work, five scans 
were stacked to create a vertical range at least twice 
the largest periodical structure size (Lps) (see Fig. 1). 
Based on the height of one scan, which depends on 
the set-up during the �-CT measurement, the final 
length along the z-axis is 3.85 mm. The tissue strips 
within the Kapton tube were cut with a laser cutter 
to prevent any changes in the fibre network due to 
mechanical treatment. Each sample stack consists of 
a cut in machine- (MD), cross- (CD) and transversal 
direction from different layers. After reconstruction 
of the scans with the Panthera (TESCAN XRE) soft-
ware, the data of the scans are available for further 
processing as a sequence of several thousands 2D raw 
images.

Segmentation of fibre network

For all successive evaluations the Dragonfly Soft-
ware (Version 2022.1-ORS Inc, Montreal, Canada) 
was used. A deep learning segmentation approach 
was used to separate the raw data into the available 
fractions of fibres, air, and Kapton. The segmenta-
tion procedure is depicted in Fig.  4a–d. The con-
volutional network chosen was originally used for 
biomedical image segmentation and is called U-Net 

Fig. 2  Image processing 
sequence of microtome 
data. The grey value raw 
image slices a of each sam-
ple were binarized with the 
method of Otsu (Otsu et al. 
1979). b shows the cross-
section of the segmented 
tissue samples. Tissue bulk 
volume and boundaries are 
determined with four dif-
ferent expansion diameters. 
c shows the bulk with an 
expansion diameter of 15 
μm. d shows the detection 
of the center line (zoomed 
in view)
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(Ronneberger et  al. 2015). As a starting point for 
the training of the network, single slices (as shown 
in Fig.  4a) of one dataset were segmented in fibre 
and non-fibre phase (air and Kapton) based on the 
method of Otsu (Otsu et  al. 1979). After this initial 
training, at least seven arbitrary slices throughout 
the dataset were used to train the U-Net model for 
semantic segmentation. This enables a segmentation 
not only in xy-direction (2D) but also considers the 
z-direction (3D input dimension). The training of 
the U-Net model is divided in so called epochs. By 
means of a loss function, the progress of the training 
can be followed after each epoch. As a rule, the coef-
ficient of the loss function decreases over the epoch 
number until no more changes occur. At this point 
the model can be considered trained and is applied 
to all slices in the sample dataset. The background 
contrast of each sample dataset was slightly different, 
so the the weighting parameters for the U-Net model 
were adapted for each tissue sample and then applied 
on the whole dataset. After segmentation, the fibre 
network of all four datasets is further optimized by 
removing outlier data and single fibres which are not 
connected to the main fibre network.

The transition phase (dark layer between fibres and 
air) is a common artefact from X-ray measurements. 
This transition phase can be assigned either to the 
fibre or air fraction. It is still the subject of current 
investigations whether this transition zone is rather air 

or rather fibre and any decision will result in general 
under- or overestimation of the fibre phase (Machado 
Charry et al. 2018). We assigned most of the transi-
tion phase to the air fraction, which probably leads to 
a slight overall underestimation of fibres.

Results and discussion

Tissue bulk characterization

After data acquisition and fibre network segmenta-
tion, both 2D and 3D datasets are used for tissue bulk 
characterization. Due to the low basis weight and the 
applied processes during production, such as mould-
ing and creping, the bulk and surface structure of 
tissue in z-direction is hard to define. Single fibres 
protruding from the fibre surface and holes within 
the structure pose a challenge when it comes to the 
definition of the bulk and consequently the poros-
ity. Looking into the intrinsic bulk properties of tis-
sue samples and especially when comparing different 
samples it may very well be of interest whether dif-
ferent definitions of the bulk boundaries lead to dif-
ferent results. Therefore, we considered several bulk 
boundaries using the so called expansion diameters 
by expanding the diameter of a disk for 2D data and 
of a sphere for 3D data, which are also slightly differ-
ent for 2D and 3D data since the resolution of both 

Fig. 3  Sample configura-
tion for the �-CT meas-
urement. The schematic 
sample set up within the 
Kapton tube in x–y and 
x–z direction is depicted. 
Three tissue strips from one 
sample are separated and 
immobilized with Kapton 
strips (orange) based on the 
work of (Neumann et al. 
2021). The inner diameter 
of the Kapton tube is 2 mm 
and the minimum length 
of the scan in z-direction is 
3.85 mm
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methods differ. Visual results are shown for some 
expansion diameters in Fig.  5a–c where 3D �-CT 
based data are represented as 2D cuts. With grow-
ing expansion sphere diameter, the considered bulk 
is increasing as well. The marked regions show two 
positions where the different expansion diameters 
have a significant impact. The area between fibres can 
be assigned as outside or inside of the bulk bound-
ary and thus is either considered as a void or as part 
of the continuous fibre network in further evaluations. 
Intrinsic parameters such as thickness and porosity 
are obviously affected strongly, based on the affilia-
tion of a region to bulk or to non-bulk. The question 
arises which expansion of the bulk is suitable and 
realistic for further considerations when comparing 
for instance the bulk for an expansion sphere diameter 
of 0.02 mm (see Fig. 5a) to 0.1 mm (c). Considering 
for example porosity and its effect on water uptake the 
void space within the bulk boundary might be over-
represented with the high expansion diameter, but it 
could also be underrepresented for smaller diameters. 

The intrinsic fibre network parameters thickness and 
porosity, discussed in the following, should allow a 
deeper understanding of the effect of bulk expansion 
applied to 2D and 3D data.

For the 2D microtome data the bulk of the seg-
mented cross section images was evaluated based 
on a closed mask morphological approach, which 
includes dilatation of pixels followed by erosion 
(see Fig. 2c) (Said et al. 2016). Based on the cho-
sen expansion diameters, the bulk boundaries vary. 
Diameters from 25 to 200 pixel corresponding to 
15–120 μm were used. The definition of the center 
line, which is depicted in Fig.  2d, is based on the 
number of pixels between the edges in horizontal 
direction of the largest expansion diameter (200 
pixel). The largest expansion diameters smooth 
the edges so that the effects of individual features 
such as protruding fibre on the center line detec-
tion are minimized. Treating the binarized images 
as a matrix of zeros (black) and ones (white), the 
number of white pixels (ones) between the edges 

Fig. 4  Overview of the 
fibre segmentation of the 
reconstructed �-CT data. 
a shows a raw image slice 
from the prior �-CT meas-
urement and reconstruc-
tion. For the segmentation 
of fibres, air and Kapton 
a deep learning approach 
with the convolutional 
network U-Net was applied 
(Ronneberger et al. 2015). 
The final segmentation is 
shown in (b) and for the 
segmented fibres only in 
(c). The virtual volume of 
the segmentation is shown 
in (d)
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is determined for each row, with the center pixel 
of each row constituting the center line. The center 
line is used to determine the actual length of the cut 
and for further evaluation like thickness variations.

The applied approach to determine the bulk 
boundaries for the 3D �-CT data is slightly differ-
ent, as a morphological approach in three dimen-
sions increases the computational effort signifi-
cantly. Therefore, five expansion spheres with 
diameters from 17 to 100 μm were defined to fill 
contiguous pores with a diameter smaller than the 
corresponding value. Thus, different bulk volumes 
or bulk boundaries are taken into account depend-
ing on the distance of fibres to each other.

In general, 2D data based on the microtome is 
considered in pixel (pixel size: 0.617 μm) while 3D 
data based on the �-CT is expressed in voxel (voxel 
size: 1.2 μm).

Intrinsic thickness

In contrast to the caliper, the intrinsic thickness (μm) 
of tissue is difficult to determine due to the superim-
posed structures such as patterns and crepe. The dif-
ferent bulk expansion diameters of course bias the 
thickness measurement. For 2D microtome data, the 
thickness is determined by calculating the horizontal 
distance between the edges for each row of the given 
bulk expansion (see Fig.  2d). Since we are compar-
ing the intrinsic properties to standard parameters, 
we specified that the intrinsic thickness is represented 
perpendicular to the x-y plane, similar to caliper 
measurements. The thickness distribution along the 
length of the center line is then evaluated and plot-
ted in a cumulative probability curve for each sample. 
The average thickness value is based on the mean of 
the thickness distribution. The cumulated thickness 

Fig. 5  a–c shows the tissue 
bulk volume and boundary 
based on the applied expan-
sion diameter. The resulting 
thickness mesh which 
envelopes the bulk surface 
is shown in (d) for the bulk 
expansion diameter of 0.03 
mm. The scale of the colour 
bar in (d) represents the 
intrinsic thickness in mm
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distribution of sample K2 is shown in Fig.  6a. The 
thickness for the 3D �-CT data is evaluated based 
on the distribution of the thickness mesh used. The 
thickness is calculated as the diameter of a hypotheti-
cal sphere that fits into each boundary point of the 
mesh, where the mesh size can be adjusted based on 
the given feature size. Here, we defined a mesh size 
of 2 voxels in the x, y, and z directions to sufficiently 
account for individual fibres and thickness variances 
as well. The mesh encloses the edges of the tissue 
mass and allows accurate spatial determination of 
thickness at each position (see Fig. 5d). Similar to the 
2D evaluation, 3D based intrinsic thickness is repre-
sented in a cumulative probability curve (see Fig. 6b), 
while the average thickness value is based on the 
mean of the distribution.

Figure 6 compares the effect of increasing expan-
sion diameter on the intrinsic thickness distribution 
as an example for sample K2 for both 2D and 3D 
evaluation. For small expansion diameters (blue), 
the slope of the probability curves indicates a nar-
row thickness distribution that becomes increasingly 
flat with increasing expansion diameter (red). The 
bulk enclosed with expansion diameters such as 15 
and 17 μm is discontinuous and can be described 
as ragged, while high expansion diameters connect 
more and more network segments to one continuous 
bulk structure, increasing the intrinsic thickness and 

its variability in general. The 2D based microtome 
data (a) tends to show lower thickness values than 
the 3D �-CT data (b). At a cumulative probability 
of 50 % and an expansion diameter of 30 μm the 2D 
data of sample K2 shows a thickness of 31 μm and 
the 3D data shows a thickness of 43 μm. The differ-
ence between both methods is increasing with larger 
expansion diameter. When comparing the highest 
expansion diameters (red) at 50 % cumulated prob-
ability the difference in thickness increases up to 
30 μm. In addition, a broader distribution for higher 
expansion diameters can be seen in the 3D data (b) 
compared to the 2D data (a). These thickness differ-
ences may be due to the different expansion algo-
rithms resulting from the 2D and 3D observations. In 
the 2D microtome data, a disk with specific diameters 
is used for bulk determination, however, expansion 
can be only considered in the two dimensional cross 
section, whereas in the 3D data, a sphere connects the 
fibres in all three spatial directions. This can lead to 
increased thickness values, as there is simply more 
segmented fibre material available during expansion.

The mean thickness values of all samples are com-
pared in Fig. 7. The mean thickness values are based 
on the thickness distribution of each sample and are 
expressed over the bulk expansion diameter for the 2D 
microtome data in Fig. 7 as dashed lines and for the 
3D �-CT data as solid lines. For both methods sample 

Fig. 6  The cumulated probability curves of the intrinsic thickness distribution is shown for different expansion diameters for the 2D 
microtome based data in (a) and for the 3D �-CT based data in (b) of sample K2
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T2 shows the highest mean thickness values, at lowest 
expansion. However, above 40 μm expansion diam-
eters the thickness spreads between 2D and 3D based 
data. In general, all samples show higher thickness 
values and a steeper curve with higher expansion 
diameters for the 3D based evaluation compared to 
the 2D cross-sectional evaluation. Similar to T2, sam-
ple K2 also shows the same mean thickness at lowest 
expansion diameter slightly over 30 μm and spreads 
with increasing expansion diameter between 2D and 
3D data. Sample K1 and T1 show a similar trend with 
increasing expansion diameter for both 2D and 3D 
data, although the off-set is different. In contrast to 
the 3D evaluation, K2 does not show the lowest mean 
thickness based on the 2D data at the lowest expan-
sion diameter, but only for higher expansion diameter. 
Thus, when comparing different tissue samples with 
respect to their intrinsic thickness the selected expan-
sion diameter for the fibre network boundary deter-
mination has a great influence the obtained results. 
Other bulk boundary detecting algorithms, such 
as the rolling ball approach presented in Machado 
Charry et al. (2018), are also able to vary the size of 
the used sphere, but the loose network structure of tis-
sue containing multiple holes may cause problems. 
We propose to consider multiple bulk expansions 
using varying expansion diameters for the characteri-
zation of intrinsic thickness and associated properties 
for tissue to avoid a possibly misleading evaluation. 
The results are strongly influenced by the number and 

intensity of surface and bulk features such as protrud-
ing fibres and dense/non-dense bulk regions.

After the determination and discussion of the 
intrinsic thickness the relation of these results to 
standard measurements for tissue such as the cali-
per and basis weight is of interest. The correspond-
ing values are listed in Table  2. Caliper measure-
ments are carried out with a micrometer, hence the 
absolute height in z-direction of a tissue paper at a 
given pressure is measured. A relation to the intrin-
sic thickness of both, 2D and 3D evaluations can 
not be observed. Especially, when considering the 
comparatively low caliper of sample T2 with 211 
μm and the trend of the intrinsic thickness in Fig. 7, 
which shows by far the highest values. On the other 
hand, sample K2 has a caliper of 287 μm but shows 
the lowest intrinsic thickness values. Using the basis 
weight as additional variable, the apparent bulk based 
on caliper and bulk based on intrinsic thickness can 
be compared. Therefore, the mean intrinsic thickness 
of both the 2D and 3D evaluations with an expan-
sion diameter of 30 μm is used to calculate the tissue 
bulk, since a comparable measurement point with the 
same expansion diameter is provided for both evalu-
ations. These values, along with the caliper-based 
bulk values, are listed in Table 3. Besides the much 
lower values for the bulk based on 2D and 3D data, 
the trend of the samples is also almost reversed com-
pared to the bulk calculated based on standard cali-
per. Sample T2 has the lowest bulk based on caliper 

Fig. 7  Mean thickness 
based on the thickness 
distribution is shown for 
all samples over the bulk 
expansion diameter for 2D 
microtome data (dashed 
line) and for 3D �-CT data 
(solid line)
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with 9.13  cm3/g, but shows high values for the 2D 
and 3D based analysis. A similar, but opposing trend 
is also observed for sample K2 with a high value for 
caliper based bulk, but the lowest ones based on 2D 
and 3D intrinsic thickness. Figure  1 shows the root 
mean square heights (Sq) for each sample based on 
surface topography. Sample K2 shows the highest Sq 
value (68.95 μm) and sample T2 shows the lowest Sq 
(37.36 μm), indicating that the superimposed fabric 
structure greatly affects the caliper measurement and 
thus the bulk. Intrinsic thickness, on the other hand, 
is apparently unrelated to caliper measurements, at 
least for highly structured TAD tissues such as those 
analyzed in this work. An appropriate method based 
on the evaluation of the cross-section or mapping of 
the tissue surface is inevitable when it comes to the 
determination of the actual bulk and thickness of the 
base tissue paper.

Porosity and network connectivity

Porosity

In addition to allowing the determination of intrin-
sic thickness, both microtome and CT measurements 
provide detailed insight into fibre network proper-
ties, such as porosity. Porosity is defined as the ratio 
of the void space to the enveloping bulk in %. For 
2D microtome evaluation, the area of pixels ( mm2 ) 
assigned to fibres and the total area based on bulk 
expansion are considered. With increasing expan-
sion diameter the porosity of course also increases 
significantly. In the 3D �-CT evaluation of poros-
ity, the volume  (mm3) of the segmented fibre mate-
rial and the volume of the enclosing bulk expansion 

are considered. The segmented data for 2D and 3D 
evaluation shows that the pore space within the tissue 
bulk is likely a continuous phase with small individ-
ual isolated pores in all measured samples. A closed 
pore network is not detectable, due to the open fibre 
network structure. The representation of the pore size 
distribution, as it is common for other paper grades 
(Machado Charry et al. 2018; Neumann et al. 2021), 
is therefore not meaningful.

Figure 8 depicts the porosity over the bulk expan-
sion diameter for both 2D and 3D evaluation. At the 
lowest expansion diameter the 3D �-CT data (solid 
lines) show porosity values that are close to each other 
in a range from 44 % (T2) to 47.5 % (K2), with the 
values remaining similar at high expansion diameters, 
except for sample K2, which shows much higher val-
ues. This may indicate that with increasing expansion 
diameter more void volume is connected compared to 
the other samples, suggesting a more “ragged” fibre 
network structure and more protruding fibres in sam-
ple K2. In contrast to the 3D data, the 2D microtome 
data (dashed lines) show a broader porosity range 
from 45.5 % (K2) to 56.6 % (T2) at the lowest expan-
sion diameter. The range remains broader also with 
increasing expansion diameters. Interestingly, the 
porosity results based on 2D and 3D evaluation do 
not show any relationship, especially when consider-
ing K2 and T2. K2 generally shows the lowest poros-
ity values for the 2D data, while they are the highest 
for the 3D data and vice versa for sample T2. A pos-
sible reason might be the difference in the accessible 
respectively obtainable fibre structure between the 2D 
and 3D evaluation, since the �-CT based 3D evalu-
ation is capable to reconstruct the whole tissue bulk 
structure in all spatial directions. For each tissue sam-
ple, at least eight slices were used for 2D evaluation, 
but a more comprehensive fibre network structure, as 
obtained with the �-CT data, cannot be represented. 
In addition, the 2D based microtome evaluation, 
together with other optical based cross-section seg-
mentation methods, mostly detects fibres which are 
directed perpendicular or at least close to perpen-
dicular to the image plane. Hence, fibres which are 
directed in an angle close to the image plane are not 
detected well (see Wiltsche et al. 2011) thus leading 
to a general underestimation of fibre network density, 
which is evident when comparing the absolute values 
of porosity between 2D and 3D evaluation in Fig. 8. 
Although, the 3D evaluated fibre network is also 

Table 3  Overview of the bulk values based on the mean 
intrinsic thickness of 2D microtome and 3D �-CT evaluation 
with an expansion diameter of 30 μm. Additionally the bulk 
values based on the caliper are listed

Sample Bulk 2D 
(microtome) 
 [cm3/g]

Bulk 3D ( �
-CT)  [cm3/g]

Bulk (based on 
caliper)  [cm3/g]

K1 1.94 2.56 14.61
K2 1.80 2.09 13.27
T1 1.96 2.65 10.47
T2 2.35 2.63 9.13
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underestimated, since the mentioned transition phase 
is assigned to the air fraction. The microtome meas-
urements were carried out in MD and CD to consider 
the different fibre directions, but still the 3D and 2D 
evaluation differ greatly in terms of porosity.

Comparing the results of the porosity evaluation 
in Fig.  8 and the intrinsic thickness evaluation in 
Fig.  7, no relationship is evident, especially for the 
3D data. To further investigate this fact and the differ-
ences between the 3D and 2D evaluation in terms of 
porosity, a closer look at the fibre network conforma-
tion may be helpful. Therefore, we introduce a new 
parameter describing the fibre volume to fibre surface 
ratio Fv/Fs.

Fv/Fs—fibre network

This parameter represents the ratio of the fibre 
volume (3D)/area (2D) to the fibre surface (3D)/
perimeter (2D). Unlike the other parameters the 
Fv/Fs is not affected by the bulk expansion, since 
fibre volume and surface remain the same for each 
tissue sample. By comparing the ratio of volume 
to surface area of the fibre phase, more informa-
tion about the conformation of the fibre network is 
obtained. It will be affected by the bonded area in 
the structure and it should be able to differentiate 
between samples of comparable porosity for exam-
ple, whether this porosity is caused by misleading 
fibre network boundaries due to protruding fibres 

while the rest of the network is rather dense in one 
case or by an overall loose network in the other. 
Besides the network conformation this param-
eter will also be affected by the fibre morphology 
in terms of coarseness. Coarser fibres will have a 
higher Fv/Fs ratio. The results for this analysis are 
shown in Fig.  9 for both, the 3D �-CT evaluation 
(a) and the 2D microtome evaluation (b). Similar 
to the porosity evaluation in Fig.  8 also the Fv/Fs 
parameter shows an opposite trend between 2D and 

Fig. 8  Porosity based on 
the ratio of void space 
within the bulk boundaries 
shown for all samples over 
the bulk expansion diameter 
for 2D microtome data 
(dashed line) and for 3D �
-CT data (solid line)

Fig. 9  Overview of the fibre volume to fibre surface ratio (Fv/
Fs). In a the parameter is shown for the 3D based �-CT evalu-
ation as mm3

∕mm
2 and in b for the 2D based microtome evalu-

ation as mm2
∕mm



7936 Cellulose (2023) 30:7923–7938

1 3
Vol:. (1234567890)

3D data. A comparison between the Fv/Fs param-
eter and the single fibre properties listed in Table 1 
is of interest since the ratio will be affected by fibre 
coarseness. The fibres used for the kitchen towels 
K1 and K2 have a higher fibre length, fibre width 
and coarseness compared to the fibres used for the 
toilet tissues T1 and T2. Comparing the 2D based 
Fv/Fs parameter in Fig. 9b with the coarseness val-
ues, some interrelation can be observed for K1 and 
K2 which have a high coarseness and a high Fv/Fs 
ratio, while T1 and T2 have lower values for both 
parameters. This suggests that the 2D based evalu-
ation depends more on single fibre properties than 
on the properties of the fibre network, which is most 
probably related to the fact that mainly fibres per-
pendicular or close to perpendicular to the cut plane 
will enter the evaluation, while fibres in the cut 
plane remain unnoticed. Therefore the bonded areas 
within the network may be underestimated and the 
coarseness of the detected fibres is the main driver 
for the results in case of 2D evaluation. In con-
trast, the 3D �-CT data in Fig.  9a show no corre-
lation with coarseness. Instead, the high values for 
the Fv/Fs parameter for T1 and T2 most probably 
describe a denser network structure due to the gen-
erally smaller single fibre dimensions and a higher 
fines content. With a possible higher bonding and 
cross-linking probability the measured fibre surface 
(Fs) is reduced compared to the measured fibre vol-
ume (Fv), thus leading to a higher Fv/Fs ratio. The 
question of the earlier discussed missing correlation 
between porosity and intrinsic thickness remains. 
One possible explanation could be the irregular 
apparent dense and loose areas within the tissue, 
as they are not represented by the Fv/Fs ratio. Yet, 
the Fv/Fs parameter, together with the information 
about the individual fibres, provides a holistic view 
of the fibre network properties.

In summary, a direct comparison of 2D and 3D 
data in terms of network properties such as porosity 
is difficult, because the evaluation of the underlying 
data is different. Despite their evaluation differences 
both methods provide relevant information about 
intrinsic tissue properties, especially in terms of 
quantifying intrinsic thickness. Nevertheless, it must 
be emphasized once again that the correct evalua-
tion of the given data, as performed by evaluating the 
effects of different expansion diameters on the intrin-
sic properties, is crucial for this purpose.

Conclusion and outlook

With the presented measurement techniques based on 
2D microtome and 3D �-CT evaluation, the intrin-
sic properties of tissue paper such as thickness and 
porosity can be detected, compared and evaluated in 
a novel way. The variable expansion diameter algo-
rithm used for both 2D and 3D data enables an over-
view of the effects of different bulk boundaries on 
intrinsic parameters such as thickness and porosity. 
It shows the importance of considering multiple fibre 
network boundaries for complex bulk structures, such 
as tissue paper, with their overlapping structures for 
further evaluation. This method might also be appli-
cable for the characterization of other loose network 
structures like non-wovens. The focus of this work 
is on the comparison of 2D and 3D structural data of 
TAD tissues, the development of quantifiable evalu-
ation routines, and the interpretation of the results. 
In terms of the evaluated intrinsic thickness both 
methods show similar trends for the observed tissue 
samples, whereas 2D based results tend to be lower 
with increasing bulk expansion diameter. Compared 
with standard caliper measurements both 2D and 3D 
evaluation based intrinsic thickness results show no 
relation to the measured caliper for highly structured 
TAD tissues used in this study. Also the apparent 
bulk based on the caliper measurement is compared 
with the bulk based on intrinsic thickness, showing 
no correlations. This fact might be interesting when 
it comes to the characterization of water absorption 
and the optimization of liquid transport through a 
tissue network. Both applied methods also allow the 
assessment of intrinsic network properties such as 
porosity. Together with the introduced fibre volume 
to fibre surface ratio (Fv/Fs) differences between 2D 
and 3D evaluation are evident. The 2D microtome 
data tends to be influenced by the single fibre prop-
erties, whereas 3D �-CT considers more the depend-
ence on fibre connectivity and bonding properties. 
Therefore a �-CT-based representation of the 3D fibre 
network as skeletonized data might provide additional 
information about the connectivity and its depend-
ency of fibre properties in future work. Another pos-
sible next step is to quantify the ratio of very dense to 
loose regions relative to the total bulk to determine 
the effects of processes like wet molding during pro-
duction on the structure of the tissue network. Sum-
marized, the present work highlights differences and 
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procedures for the evaluation of the intrinsic proper-
ties of tissue paper based on a two-dimensional and 
a three-dimensional approach. The described proce-
dures can provide substantial insights into loose and 
superimposed fibre network structures.
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