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Abstract Tissue paper softness relies on two major

factors, the bulk softness, which can be indicated by

the elasticity of the sheet, and surface softness.

Measurement of surface softness is complicated and

often requires a multi-step process. A key parameter

defining surface softness is the topography of the

surface, particularly the crepe structure and its peri-

odicity. Herein, we present a novel approach to

measure and quantify the tissue paper surface crepe

structure and periodicity based on the detection of

waviness along the sample using laser scanning

confocal microscopy (LSM) and X-ray tomography

(XRT). In addition, field emission scanning electron

microscope (FESEM) was used to characterize the

tissue paper surface. We demonstrate that surface

topography is directly correlated to the erosion of the

doctor blade, which is used to remove the dry tissue

paper from the Yankee cylinder. Because of its

accuracy and simplicity, the laser confocal micro-

scopy method has the potential to be used directly on

the production line to monitor the production process

of the tissue paper. XRT revealed more structural

details of the tissue paper structure in 3D, and it

allowed for the reconstruction of the surface and the

internal structure of the tissue paper.
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Introduction

Tissue paper consists of a mixture of pulp fibers, which

determines the structure of the paper and its properties

together with the fiber characteristics and the produc-

tion process (Raunio 2014; Skedung et al. 2010). The

properties of the fibers and the production process can

influence the softness, dry strength, wet strength, and

absorption of tissue paper. These paper properties are

tailored according to end-application needs. For

instance, users want toilet paper to be softer and have

a high dry strength rather than an optimized appear-

ance. These features are achieved by using a blend of

recycled fibers and chemical pulp. On the other hand,

kitchen towel requires high wet strength, absorption

capacity, and a decorative appearance, which is

attained by using a blend of virgin chemical and

mechanical pulp.

Tissue paper is commonly produced through a dry-

crepe process. Dry-crepe machines are one-press roll

machines in which paper is dewatered by heating. The

machine’s main component is a press roll—the

Yankee cylinder—which is steam heated to dry the

tissue paper web; i.e. the purpose of Yankee cylinder is

to dry the tissue paper web.(Ramasubramanian et al.

2011). The paper web adheres to the Yankee cylinder

(Fig. 1). The adhesion, controlled by different addi-

tives such as modifiers and release agents (Oliver

1980; Rose 2004), helps transport the paper web and

enables the creation of crepe folds in the final product.

Researchers have studied the creping mechanism in

the machine direction, and they have shown the crepe

folding mechanism in detail (McConnel 2004; Rama-

subramanian et al. 2011; Sun 2000). As the doctor

blade comes into contact with the tissue sheet, the

sheet begins to warp (create crepe folds) (Fig. 2). The

creping process generates a wavy microstructure in the

tissue paper, breaking up the tissue structure into

micro and macro folds (Hollmark 1972). The crepe

fold structure is affected by different factors, including

the adhesion force between the tissue paper and the

dryer and the impact angle of the doctor blade. Low

adhesion typically yields wide crepe folds and vice

versa (Stitt 2002). The doctor blade scrapes the paper

off from the Yankee cylinder and is responsible for

creating the crepe structure. As the blade wears off, the

creping structure is modified and believed to affect the

perceived softness. In addition, the creping process
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affects the free fiber ends and holes in the tissue

network. Indeed, stable creping conditions produce

more periodic fiber ends and fewer holes in the tissue

network structure (Allen 1994; Raunio and Ritala

2013). The crepe structure is adjusted by the cutting—

or the impact angle—of the doctor blade at the Yankee

cylinder. For example, a larger impact angle creates

fewer and wider crepe folds (Boudreau and Barbier

2014).

Preferences, such as softness, vary between indi-

viduals, markets, and cultures, so they are difficult to

quantify even though softness can be measured by

modern hand mimicking equipment. However, certain

properties that influence the perception of softness—

such as crepe count, crepe-to-stretch ratio, sheet

density, strength, stiffness, and creping geometry—

can be measured and controlled (Ramasubramanian

and Shmagin 2000). Several methods—both internal

techniques used by the tissue paper companies and

external processes like scanning electron microscopy

(Chinga and Helle 2003) and atomic force microscopy

(Chinga et al. 2003; Haunschild et al. 1998)—have

been used to understand the softness of tissue paper.

In this work, we used laser scanning confocal

microscopy (LSM) to analyze several parameters of

crepes, such as crepe count, waviness, and the average

height of the crepes, and we determined the connec-

tion between these parameters and the softness of the

end-product during an operational cycle of the doctor

blade. LSM is mainly used in biomedical science

(Hovis and Heuer 2010), and in analyzing the surface

roughness of different printed paper grades (Chinga

et al. 2003). In those cases, LSM proved to be robust

and accurate in providing topographical data with high

resolution without destroying the sample (Chinga et al.

2003). Even though confocal microscopy was

invented in 1955 by Minsky (1988), its potential was

increased immensely with laser light sources and high

computing power (Amos and White 2003; Hamilton

and Wilson 1982; Xiao et al. 1988). In addition, we

used X-ray tomography (XRT) to visualize and

quantify the hierarchical design of tissue samples.

XRT is a nondestructive method that repeatedly

acquires images (i.e., projections) resulting from the

sample’s absorption of X-rays (Kak et al. 2002).

Finally, the novel application of microtomography

was supplemented with more traditional methods of

analysis, such as field emission scanning electron

microscopy (FESEM) which was used to image the

planar structure of the tissue paper in high resolution.

This work is an attempt to create a systematic

approach to measure the surface a single ply tissue

paper using an easy, approachable and a simple

method that can be used both by companies, and

academics.

Materials and methods

Materials

Commercial tissue paper, consisting of a blend of kraft

softwood, hardwood, and bleached chemi-thermome-

chanical pulps with a ratio of 20:73:7 wt%, was used

in this study. The grammage of paper was an average

of 17.8 g/m2. Tissue paper samples were collected as a

function of production time during the doctoral blade

cycle immediately before exchanging the old doctor

blade (T-38) for a new blade and then after using a new

doctor blade for a whole cycle until the blade wore

down again (T674). All the samples were single ply

samples (see Table 1).

Laser scanning confocal microscopy (LSM)

A Keyence VK-X250K LSM (Osaka, Japan) was used

to determine the surface structural features of the

tissue paper. The microscope was equipped with laser

confocal optics to measure the depth of field across the

specimen. LSM uses two light sources, a laser light

source with a wavelength of 408 nm and a white light

source, to provide image and height information

(shape and roughness).

Detection of light intensity and surface height profile

The Gaussian shaped laser beam of LSM had a full

width of half maximum of 130 nm at the focus point

on the sample surface, defining the spatial resolution.

The resulting scanned imaged was divided by a

constant number of pixels (2048 9 1536) for all

measurements. The depth profile was obtained by

driving the objective lens in the Z axis repeatedly. The

device read the intensity of each Z position for each

pixel, determined the Z axis position of the maximum

intensity, and recorded the intensity and color infor-

mation for that position. The highest intensity was

obtained at the focal point in the Z direction, which
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provided the height profile of the specimen. Based on

this information, three types of images were con-

structed: a deep field color image, a laser intensity

image, and a height image (Fig. 3).

Determination of surface waviness

LSM was used to provide local alterations in the

surface height profile (i.e., surface roughness), and

periodical changes in height at longer intervals (i.e.,

waviness) (Fig. 4). This information can describe the

crepe structure and further the surface topography of

the tissue paper.

The waviness profile was analyzed using VK

analyzer software (Keyence, Japan) and calculated

using ‘‘line waviness.’’ Nine lines were drawn per-

pendicular to the crepe structure in different locations

over the scanned area of the samples. From the line, a

primary profile curve graph was recorded, and a phase

compensation filter with cut-offs kf = 0.08 mm and

kc = 0.8 mm was applied to obtain a waviness profile.

The average waviness of the profile (Wc) and

Fig. 1 A schematic diagram depicting the dry-crepe tissue machine. The brown color depicts the path of the paper (redrawn from

Hermans and Hada 2004)

Fig. 2 Propagation of the creping pattern as the sheet contacts

the doctor blade in an ideal steady state: a the sheet and its

adhesive layer on the Yankee cylinder are propagating to the

cutting blade; b as they reach the blade, delamination occurs and

the sheet is freed from the adhesive layer; c the delamination

propagates and buckling starts as it is the most energetically

favorable reaction; d the sheet collapses completely, the crepe

fold is formed, and then the whole cycle is repeated
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arithmetic mean height (Wa) were determined from the

waviness profile. They are defined as:

Wc ¼
1

m

Xm

i¼1

Rti ð1Þ

and

Wa ¼
1

lr
r
lr

0

Z xð Þj jdx; ð2Þ

where m is the number of periods, Rti is the peak-to-

peak amplitude of one full period i, and lr is the

sampling length (Fig. 5). Wc is the average of the

height of the profile curve elements (peaks and

neighboring valleys) along the sampling length. The

arithmetic mean waviness (Wa) is the average of the

absolute values along the sampling length. Wp/cm is

the crepe count per centimeter as measured by the

LSM.

Surface waviness was calculated based on the lines

using parameters defined in the ISO 4287:1997

(Institution 1997). From the line, a profile curve graph

was created, and the average values were then

calculated. A phase compensation filter cut-off was

applied to the primary curve signal with kf and kc

values of 0.08 mm and 0.8 mm, respectively.

Field emission scanning electron microscopy

(FESEM)

A field emission scanning electron microscope

(FESEM; Zeiss Ultra Plus, Carl Zeiss SMT AG,

Germany) was used to study the morphology of the

tissue papers in the planar direction. The tissue paper

samples were coated with Platinum (Pt), and 3–5 kV

acceleration voltage was used during imaging.

X-ray microtomography (XRT)

XRT was performed using a Zeiss Xradia XRM 520

X-ray tomograph (Carl Zeiss, USA). Details about the

measuring process and conditions are found in the

supplement (S1). The 3D rendering video can be found

as supplementary (V1).

MATLAB code

The crepe structure and wave count were analyzed

from the XRT image data (S1) using a custom-written

script in MATLAB� (MATLAB version 2019a, The

MathWorks, Inc., Natick, Massachusetts). Each slice

from the tomography volume images was reduced to a

single average wave in the x–y plane after removing

all small objects in the image. The crepe count was

then calculated per measured length.

The MATLAB code first binarized the image stack

and then removed all single voxels that are separated

from the main structure in the image, producing a

‘‘cleaner’’ image stack (The stack refers to the

thickness of the tissue paper as shown in Fig. 6a).

Next, individual objects were mapped out in the

volume, removing all but the largest objects (i.e., the

tissue fibers). The code then reduced the binarized

image into a single average wave (line) to the middle

of the stack. This procedure was done for all images in

the stack (Fig. 6c). From the resulting figure (Fig. 6c),

the number of peaks can be calculated (crepe count)

which allows quantitative analysis.

Measurement of tissue paper thickness

The paper thickness was measured using a Hanatek

FT3 precision thickness gauge (UK) at three different

points on the specimen (middle point and the two

ends), and the average thickness was calculated.

Results and discussion

Structural characteristics of the tissue paper

As the doctor blade wears down, it affects the crepe

structure of the tissue paper, which changes the

properties (e.g., softness) of the paper (Ramasubra-

manian and Shmagin 2000). The crepe count per

centimeter and bulk thickness of paper samples—as

measured by the paper manufacturer using optical

microscope imaging—are shown in Fig. 7. The sam-

ples were set perpendicular to the optical field, and the

creping wave amount was determined from nine

different positions with a sampling length of

5.5 mm. The crepe count varied from 68 to

52 cm-1. With the new blade, the crepe count was

around 63 crepes/cm. The crepe count decreased as the

blade wore down, reaching 53 crepes/cm at 597 min

(* 18% decrease). The bulk thickness, in turn,

decreased from 119 to 88 lm with the new blade

(* 30% decrease). Bulk thickness then increased
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reaching 108 lm, with a reduction in thickness at the

end of the blade operating cycle.

As the blade wore down, the homogeneity of the

paper structure decreased, and the crepe waves were

more random and had no clear shape. This, in turn,

increased the bulk thickness of the single ply. The

paper roughness increased, and the peaks became

more scattered across the tissue surface.

Analyzing surface topography of tissue paper

by FESEM

FESEM images showed significant differences in the

surface topography of tissue paper as a function of

production time (as the blade wore down) (Fig. 8). By

the end of the usage time for the doctor blade, the

tissue paper structure was less uniform, with low crepe

Table 1 Position and

associated thickness of

tissue samples from the

production line

Sample Change time of doctoral blade (min.) Thickness (lm)

T-38 - 38 91.1 ± 0.2

T0 0 74.3 ± 0.5

T67 67 78.4 ± 1.0

T147 147 78.5 ± 0.2

T260 260 78.3 ± 0.1

T304 304 76.7 ± 1.0

T348 348 83.5 ± 1.0

T395 395 79.8 ± 0.5

T432 432 85.9 ± 1.2

T477 477 83.8 ± 1.0

T518 518 87.1 ± 2.0

T558 558 94.0 ± 0.7

T597 597 95.4 ± 1.0

T635 635 79.5 ± 1.7

T674 674 92.3 ± 2.0

Fig. 3 The operational principle of the LSM. The laser measures the images pixel by pixel in the x, y direction. The measurements are

repeated in the Z direction
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count per centimeter, incoherent peaks, and poor

network structure (sample T-38, Fig. 8a–c). The

structure of crepes was also broad, and several defects

(e.g., holes and voids) were observed in the network,

those surface defects and voids could be also attributed

not only to the condition of the doctor blade but also to

the network distribution at this given time of the

production. These changes likely affect the softness

properties of the end-product. After a new doctor blade

was installed, a more periodic and homogeneous

structure with fewer holes was noted (sample T0,

Fig. 8d–f). LSM has the advantage of being a nonde-

structive method, so it does not affect the wave

structure and height of the sample, while FESEM

samples need to be treated (using sputtering) for

conductivity. This treatment may change the height of

the sample and affect the qualitative parameters.

However, the clear resolution of the FESEM enabled

observation of the fiber structure in detail.

Fig. 4 Determination of surface roughness and waviness by the LSM. The kf and kc cut off values smooth the roughness signal,

resulting in the wave structure

Fig. 5 A schematic of the arithmetic mean waviness (Wa, left) and parameters used to define average waviness of the profile

(Wc = sum of Rt’s, right)
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Analysis of tissue papers by laser scanning

confocal microscopy

Both sides of the tissue paper samples were imaged

using LSM. The crepe side (top side) (Fig. 9a, b) was

clearly visible and distinguishable from the bottom

side (the Yankee cylinder side, Fig. 9c, d) of the tissue

paper for samples T0 and T-38. When the doctor blade

was changed, an immediate enhancement was visible

in the creping pattern, as observed with the FESEM

analysis. Comparison of the old doctor blade (T-38,

Fig. 9a) with a new blade (T0, Fig. 9b) showed that

the new crepe pattern was more homogeneous and

visible, and it had fewer holes (Fig. 9b).

Waviness determination and surface parameters

The crepe count (Wp/cm) obtained at the end of the

working life of the old doctor blade was low (* 33

crepes). However, the crepe count increased (about

19% or * 40 crepes/cm) when a new doctor blade

was installed, with a continuous decrease as the blade

wore down reaching the value of * 25 crepes/cm.

The absolute values for the crepes were measured with

the LSM (Fig. 10). LSM detected the waviness using a

combination of a confocal laser and an optical

microscope, which detected the crepe structure more

accurately at the given field of view. The LSM counted

one wave period, including two zero crossings—the

minima and maxima—as one wave. By contrast, in the

manufacturer’s method, the crepes are counted man-

ually using an optical microscope, resulting in less

accurate counts. In addition, when the cut off values

were applied to the waviness structure, all small rough

areas that can be mistaken as a full crepe were

excluded, increasing the accuracy of the result

acquired by the LSM.

The mean waviness (Wa) showed a different

behavior than the wave count. That is, the Wa started

with a high value (* 12 lm) with the old doctor blade

and decreased when the new blade was installed.

However, contrary to crepe count, Wa then increased

slightly over time as a function of time, dropping

from * 13 lm at (0 min) to * 9 lm at the end of

operation time of the blade (700 min). Thus, when the

doctor blade wears down and the length of one period

(minima to maxima) becomes long and irregular,

increasing the value of Wa.

Fig. 6 a XRT image of a single ply as imaged in the lCT, b 3D rendering of the XRT image volume for the single ply using ZEISS

Xradia 3D viewer software (showing different fiber orientation at the highlighted regions) and c 3D structure plotted in MATLAB�
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In contrast to crepe count, the average waviness

(Wc) decreased by 18% (from 44 to 37 lm) when a

new doctor blade was inserted. Rt values might be

high if the waves are not homogenous or if random

peaks and valleys are present. The crepes were more

periodic and homogenous after the blade was changed,

thereby decreasing the Wc. For the same sampling

length for all the samples, a lower crepe count resulted

in larger amplitudes (with the old blade). When a new

blade was in use, crepes were more periodic. This

resulted in smaller amplitudes and a decrease in the

Wc. The Wc remained between 36 and 40 lm until the

processing time reached 400 min, after which it

increased until it reached the maximum value of

55 lm at around 700 min. This likely indicated the

wearing of the blade as the structure of the crepes

Fig. 7 a Crepe wave count and b bulk thickness as a function of time determined by optical microscopy

Fig. 8 FESEM images of tissue paper samples obtained with

the old doctor blade (T-38) showing nonuniform crepe structure

(a–c) and immediately after changing to a new blade (T0)

showing a more uniform crepe structure (d–f) with different

magnifications (909, 2009 and 5009 consecutively). The

circled areas are to indicate the holes in the surface with bigger

holes in the T-38 samples
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became less homogeneous and Wc increased (Rama-

subramanian et al. 2011; Ramasubramanian and

Shmagin 2000). The decrease in crepe count and the

height and structure of the crepes affected the overall

end-product quality, and they can indicate the softness

of the tissue paper. In addition, as a blade wears down,

the integrity of the tissue is altered, which also affects

the softness of the end-product.

Distance between the crepes

The distance between crepes was measured from LSM

images using a plane measurement tool with the VK

Fig. 9 LSM images of the top (crepe) side of a a T-38 sample

and b a T0 sample, and the bottom side of c a T-38 sample and

d a T0 sample. The top side of the T0 sample b has uniform

crepes while the top side of the T-38 sample a has nonuniform

crepe structure. The bottom side is where the paper network is

attached to the Yankee cylinder, showing no clear crepe patterns

Fig. 10 a Creping pattern/cm (measured using an optical microscope and LSM). b and c Wa and Wc of tissue samples as measured by

the LSM
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analyzer software. In the plane measurement, the

width of each crepe was measured first to determine

the center. Straight lines were specified from the

center of one crepe to the center of the other (3 lines/

crepe) and their distance was measured. An illustration

of the process is shown in Fig. 11.

The distance between the crepes increased as the

blade wore down (Fig. 12). This trend was similar to

Wc (Fig. 10c). The increase of the average distance

between crepes was fast and almost linear as a function

of the operational time of the blade. That distance

increased from approximately 160 lm to 390 lm

(* 80% increase). This was also associated with a

decrease in the crepe count/area (Fig. 10a). It is likely

that the worn blade formed fewer sharp crepes,

resulting in wider valleys between the crepes. The

increase in the crepe distance affects the perception of

the softness of the final product.

Fig. 11 Illustration of the plane measurement process to determine the distance between crepes in the T0 sample

Fig. 12 Distance between crepes as measured from the LSM

images
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Perceptional softness correlation

The hand feel and surface smoothness are factors that

distinguish the perceptual softness of the tissue papers

(Skedung et al. 2011, 2013). These values—measured

by the paper manufacturer—are presented together

with the Wp/cm, Wa, and Wc from LSM in Fig. 13. The

hand feel follows the same trend as the crepe count,

where the Wp/cm is low at T-38, The measured hand

feel value is also low at T-38 (corresponding to a

higher surface smoothness). For the T0 sample (new

doctor blade), the hand-feel peaks and then decreases

as a function of the production time. There is a second

peak in the hand feel values around T500–T600. This

behavior is presumably due to the randomness of the

crepe structure that can still be considered as ‘‘soft.’’

When the crepe folds are inhomogeneous, nonperi-

odic, and long, the surface is perceived as ‘‘soft’’:

because the hand feel cannot differentiate in the micro

scale between proper crepe waves and inhomogeneous

peaks if they are less than 760 nm in height (Skedung

et al. 2011).

The surface smoothness showed the same trend as

the mean waviness (Wa). The smoothness is high at

T-38, similar to the Wa curve, followed by a decrease

and plateau behavior in both the surface smoothness

and the Wa data. The waves became periodic and

homogenous when a new doctor blade was inserted,

which drops the arithmetic mean waviness across the

whole width of the paper. As the blade wears down,

the waves become less homogeneous (e.g., one crepe

can have a low Rt and then the next can have a high Rt,

which is shown in the slight increase in the Wa

behavior). Surface smoothness slightly increased

towards the end of the production time, showing the

same trend as the Wa. This increase is due to the fact

that more of the inhomogeneous and broad crepes are

considered ‘‘soft’’ (Skedung et al. 2013).

3D rendering of the tissue paper structure

The VK analyzer software allows images to be 3D

rendered through the z-stack. LSM focus variation

captures multiple optical images while the lens moves

up and down (Fig. 3). These images were used to

construct a 3D shape according to the height of the

focus position.

Fig. 13 Comparison of the tissue paper hand feel and surface smoothness with crepe count, Wa, and Wc from LSM as a function of the

operational time of the doctor blade
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The images in Figs. 14 and 15 depict the crepe

pattern and height variation of the tissue paper

structure from the analysis of LSM data. The T0

sample (Fig. 14a) illustrates a homogenous crepe

pattern with a relatively uniform peak and valley

structure, compared to the T-38 sample (Fig. 14b) in

Fig. 14 3D visualization of the LSM image sequence of a T0 sample and b T-38 sample

Fig. 15 3D maps of the tissue structure at a T-38 min, b T 0 min, and c T 597 min of production. The dotted area shows the structure

peaks and non-uniform wave structure that can be perceived as ‘‘soft.’’
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which the crepes are randomly located. Moreover, the

T0 sample showed a lower maximum height of crepes

(140 lm) compared to the T-38 sample (200 lm)

(Fig. 15). These features are presumably behind the

better hand feel of the T0 sample. Thus, surface

roughness and surface height inhomogeneity

increased as the blade wore down. Contrary to the

popular assumption that only homogenous surface

patterns are smooth, micro-scale inhomogeneity can

improve the appearance of the tissue surface (Skedung

et al. 2013, 2011). As the tissue structure became less

homogeneous (e.g., around T500-T600), the average

perceptual softness remained and surface smoothness

slightly increased. This result likely occurred due to

the irregular peaks stacking together to form larger

crepes creating a soft surface topography feel

(Fig. 15). Indeed, it is reported that the finger cannot

differentiate roughness below 270 nm in height (Ske-

dung et al. 2013).

Structural analysis using XRT

XRT allows the visualization of the tissue paper

structure in both 2D and 3D images (Fig. 6). The

visualization is important in illustrating crepe struc-

ture, fiber ends, and thickness of the tissue paper.

Crepe count was calculated from the XRT images

using the MATLAB code. The results and comparison

between the crepe count from the different methods

used in this paper are presented in the supplementary

data (S1).

Conclusions

We studied the characteristics of tissue paper using

multi-technique characterization methods. The macro-

scopic and microscopic structural characteristics of

tissue paper were measured using FESEM, LSM, and

XRT, and they were linked to the production cycle of

the tissue paper. FESEM showed the detailed surface

topography of the tissue paper, while LSM estimated

the topographical structure of the tissue paper. The

creping pattern/cm, Wc, and Wa were quantified and

compared to the values measured internally by the

tissue paper manufacturer, who used optical micro-

scopy. The periodicity and homogeneity of crepe

waves were observed to decrease over time as the

doctoral blade wore down. However, the Wa, Wc, and

Wp/cm showed weak to no correlation with the surface

smoothness and hand feel. The XRT data were used to

depict the structure of tissue paper in 3D. Using

MATLAB, we showed that the crepe count resulting

from the XRT image analysis could be close to the

crepe count calculated from LSM after taking all

measurement and calculation conditions into account

(such as small peak counts).
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