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Abstract This contribution focuses on understand-

ing of paper wet-strength properties, by taking a closer

look at the spatial distribution of wet-strengthening

polymers inside the cellulosic fiber network deposited

under different treatment conditions using confocal

laser scanning microscopy as in situ imaging tool. We

compare the behavior of paper samples treated with a

photochemically cross-linkable copolymer using an

impregnation process employing three different sol-

vents, namely water, 2-propanol (IPA) and 1-butanol

(BuOH), respectively. As these solvents swell paper

fibers to quite different extents, the deposition of the

polymer, on, in or in-between the cellulosic fibers

varies quite strongly, as is shown by in-depth analysis

using confocal laser scanning microscopy. The differ-

ence in accessibility of distinct surface sites exclu-

sively on or also in and between the fibers controls the

macroscopic tensile strength under both dry and wet

conditions.
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Introduction

The tensile strength of paper sheets in their dry or wet

state is one of the most important relevant properties

for a large number of paper grades progressing from

packaging, to hygienic paper, and specialty paper,

such as filter or bank notes, respectively. In addition to

such classical applications of paper, in recent years,

fueled by the ongoing effort for environmentally

friendly products, the use of paper has expanded into a

variety of new sectors, such as paper for construction

materials (Auslender et al. 2017) and the use in

diagnostics, microfluidic and lab-on-paper devices

(Credou and Berthelot 2014).

Due to its wet-layed production, the strength of the

paper sheets is a complex interplay of the properties of

individual lignocellulosic paper fibers (length, kink,

width, degree of polymerization, fibrillation, defects)

and the bonds formed between them, constituting a

non-woven fiber network. Tejado and van de Ven

(2010) conducted a detailed analysis of the processes

in paper formation and the associated forces. They

argue, that the fibers are held together via entangle-

ment between smaller cellulose fibrils on the macro-

scopic fiber surfaces and the main reason for the wet-

web strength of undried paper are friction forces. Belle

et al. (2015) analyzed freeze-dried wet webs of

different solids content with field emission-scanning

electron microscopy (FE-SEM) and were able to show

such entanglement between fibrils of adjacent fibers

and the inter-fiber bonds produced thereby. Another

mechanism leading to inter-fiber bond strength can be

described by the diffusion of macromolecular cellu-

lose chains into adjacent fibers in close contact

(Lindström et al. 2005; Hubbe 2006). While inter-

fiber bonding is the subject of many research projects,

the exact mechanism of it is still not fully understood.

However, it is widely accepted that hydrogen bonding,

van der Waals and Coulomb forces, mechanical

interlocking of fibrils and diffusion of cellulose chains

on the surface of fibers, all play a crucial role in this

complex interaction, leading to the intrinsic macro-

scopic tensile strength of a paper sheet (Hirn and

Schennach 2015).

A first attempt describing the tensile strength of

paper in a quantitative manner was done by Page

(1969). Considering that the strength of a single

cellulose fiber is significantly higher compared to the

strength of a respective paper sheet, it becomes

apparent that in order to increase the strength of a

sheet, the inter-fiber bonds must be strengthened.

Strengthening of the tensile properties in the dry state

is traditionally done with so called dry strength agents.

Additionally, pulp refining (Lindström et al. 2016) and

wet pressing (He et al. 2003) of sheets can be used to

adjust and control sheet tensile properties. A variety of

macromolecules have been used in order to increase

the dry tensile strength of paper. Examples are bio-

based polymeric additives, such as starch, chitosan, or

carboxy methyl cellulose (CMC), as well as synthetic

polymeric systems, such as polyacrylamide (PAM),

polyvinylamine, polyethyleneimine or polyelectrolyte

multilayers (Lindström et al. 2005). There are at least

three proposed mechanisms that explain the dry

strengthening effect of additives, including increased

inter-fiber bond strength by the reinforcement of

existing and/or the contribution via additional bonds,

decreased stress concentrations in the sheet while

drying and by enhancing the consolidation of the sheet

(Lindström et al. 2016).

Upon rewetting, cellulose fiber networks loose

nearly their entire strength. This can be explained by

the hydrophilic nature of cellulose fibers and their

swelling behavior in contact with water (Lindner

2018). Water molecules penetrate the cellulose fibers

and fiber walls and consecutively weaken the attrac-

tive hydrogen bonds between cellulose chains and

fibrils. In addition to that, the swollen fibers are highly

malleable, and the aforementioned frictional forces

holding fibers together are weakened as well. It is

widely discussed, that in order to increase the wet

strength, the introduction of covalent bonds between

adjacent fibers is necessary, however, other treatments

such as wet pressing or the use of microfibrillated

cellulose (MFC) have also been shown to increase the

wet strength of paper. In the industrial application so

called wet strength agents are used to increase the

tensile strength of paper in wet conditions. The two

main working models of those additives are the

protection and the reinforcement mechanism, respec-

tively (Lindström et al. 2005). With the protection

mechanism, a firm non-polar polymeric sleeve wraps

around fiber crossing points thereby limiting the

access of water molecules to the area of fiber contact.

Typically, such polymers are cross-linked hydropho-

bic resins such as for example phenol–formaldehyde

resins, where the used polymeric precursors typically

react with one another but do not significantly bind to
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the cellulosic fiber (homo-cross-linking additives).

The other category are additives that are (also) able to

form covalent bonds with the cellulose chains, so

called hetero-cross-linking, like polyamidoamine

epichlorohydrin (PAE). An important difference in

comparison to the aforementioned formaldehyde

resins is that cross-linking occurs between the poly-

meric additive as well as between the additive and the

fiber, respectively, thereby acting towards wet-

strengthening of the sheet through a reinforcement

mechanism. Finally, such reinforcement additives can

be of polar nature, and may even swell in water, which

is necessary for applications, where paper-water

contact is crucial, such as with hygienic paper grades.

Note, although there are clear evidences for these

postulated mechanisms, there are still a number of

open and fundamental questions that have not yet been

answered to validate these models or to even pre-

calculate which polymer-intrinsic and/or paper-re-

lated parameters determine the wet-strength action of

(pre-)polymeric additives. For example, with respect

to the latter, knowledge on the exact spatial distribu-

tion of the wet-strength agent in the non-woven sheet

becomes crucial. Mangiante et al. (2018) prepared

paper samples with alkyne-functionalized cellulose

fibers, cross-linking them with difunctional PEG

chains, leading to significantly improved wet tensile

strength. They furthermore analyzed the spatial

distribution via Raman confocal microscopy and

found, that the fiber core had rich amounts of the

alkyne. However, these observations weren’t further

discussed with regard to the effect on the macroscopic

wet strength.

In previous work of our own groups, we used for the

first time polymers that can cross-link within paper

sheets under the influence of light (Jocher et al. 2015;

Bump et al. 2015). We were able to show that this

treatment increases the macroscopic tensile strength,

and we analyzed the binding of the polymers to the

fibers by Raman spectroscopy and imaging via

confocal laser scanning microscopy, respectively.

However, a systematic analysis of the spatial distri-

bution of strengthening agents in the cellulosic fiber

network and their impact on dry and wet strengths is

still missing. Finally, it is not yet understood how fiber

swelling may affect the interaction of the fiber with the

polymeric additive and how the latter leads to different

deposition scenarios of the polymer on/in the fiber.

The latter may also influence the macroscopic wet-

strength.

As we will show in this contribution, taking a closer

look at the spatial distribution inside the fiber network

and the fibers themselves can improve our under-

standing of the mechanisms involved in dry and wet

strengthening of paper. In particular, as will be shown,

fiber swelling leads to very different deposition

mechanisms of a polymeric wet-strength agent and

therefore affects largely the macroscopic tensile

strength in wet conditions. We compare the treatment

of paper samples with a light-sensitive copolymer

(Toomey et al. 2004; Janko et al. 2015; Jocher et al.

2015; Bump et al. 2015) using an impregnation

process with three different solvents. The solvents

were chosen based on literature-data of cellulose fiber

swelling (El Seoud et al. 2008; Karppinen et al. 2004)

because we were particularly interested in the use of

solvents, that don’t lead to significant fiber swelling, in

comparison to water. The latter is known for its

capability to significantly swell paper fibers thereby

altering the morphology. The paper topology includes

pores or grooves in which surrounding polymer

molecules can be taken up during impregnation. On

this basis water, 2-propanol (IPA) and 1-butanol

(BuOH) were used to apply the copolymer to lab-

made paper samples. By using confocal laser scanning

microscopy in combination with tensile measure-

ments, we study how this difference in swelling leads

to different spatial deposition of the copolymer inside

the paper samples and, ultimately, controls dry and

wet paper sheet tensile strength.

Experimental section

Materials

All chemicals and solvents were purchased from

Merck, Alfa Aesar, Alberdingk Boley, Fisher Scien-

tific, Fluka, Covestro and TIB Chemicals, respec-

tively, and were used as received, unless otherwise

specified. For impregnation and extraction pure

distilled water was used, which is denoted as H2O

throughout this work.
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Pulp and handsheet preparation

All paper samples, modified with the copolymer as

described below, where lab-engineered using

bleached eucalyptus-sulfate pulp [median fiber length

(length-weighted): 0.76 mm; curl: 15.9%; fibrillation

degree: 5.1%; fines content: 9.1%]. The paper samples

having a grammage of 80 ± 1.6 g m-2 where pre-

pared using a Rapid-Köthen sheet former according to

DIN 54358 and ISO 5269/2. In order to prevent any

influence on the physical properties, no additives or

filler materials other than the copolymer were used.

Prior to impregnation, the paper was conditioned for at

least 24 h under standard conditions (23 �C, 50% r.h.).

Polymer synthesis

The photo-cross-linking monomer 4-benzoylphenyl

methacrylate (MABP) was synthesized according to

the procedure developed in one of our groups and

described by Toomey et al. (2004). First, the fluores-

cent monomer rhodamine B methacrylamide

(RhBMa) was prepared in two steps from the

fluorescing rhodamine B base according to previously

published literature (Schäfer et al. 2013). The copoly-

mer poly(dimethylacrylamide-co-4-benzoylphenyl-2-

methacrylate-co-rhodamine B-methacrylic acid

(P(DMAA-co-MABP-co-RhBMA)) carrying the flu-

orescent monomer, the photo-cross-linking monomer

and the matrix monomer, respectively, was synthe-

sized using free radical copolymerization according to

the procedure described by Janko et al. (2015). The

structure is schematically illustrated in Fig. 1. The

chemical analysis of the molar composition of the

copolymer was done using 1H-NMR (see supporting

information), which showed that the copolymer con-

sists of about 96.5 mol% of the matrix DMAA, and

3.5 mol% of MABP and RhBMA, respectively. Using

size exclusion chromatography (SEC) with a GRAM

VS/GRAM linear 10 HS/100lL (DMF 0.002 LiCl)

column and a narrow dispersed poly(methyl methacry-

late) standard, the molar mass was determined to be

around Mn = 27 000 g mol-1 (Ð * 5.7). The

copolymer was stored inside a plastic container in a

refrigerator at 6 �C until further use.

Copolymer treatment of the paper samples

Before impregnation, the lab-engineered paper was

cut into samples with the dimensions of

15 9 120 mm. Those dimensions were chosen

because tensile testing was carried out according to

DIN ISO 1924-2, where a gauge length of 100 mm is

specified. To determine the amount of cross-linked

copolymer in the samples, a gravimetric approach was

chosen. Before each weighing/measurement on a scale

under climate controlled conditions (23 �C and 50%

r.h.), the samples were conditioned for at least 24 h.

Three measurements were carried-out, once before

impregnation (m before), after drying the impregnated

samples (m after) and finally after the extraction and

consecutive drying (m extraction), in order to calcu-

late the amount (wt%) of copolymer in relation to the

paper weight as well as the amount of extractable (un-

bound) copolymer. For the three solvents the amount

of copolymer in the paper samples was 11.4 (H2O), 8.0

(IPA) and 7.3 wt% (1-BuOH). For the reference

experiments the paper samples were impregnated in

H2O without any copolymer, but otherwise the

procedure was carried out in the same way as

described before. Here, the measurement after swel-

ling and drying (m delta) was used to calculate the

wt% change induced by the treatment without copoly-

mer. Complete details of these calculations and results

can be found in the supplementary information. The

copolymer was dissolved in H2O, in 2-propanol, or in

1-butanol, respectively, at a concentration of

25 mg mL-1 and stored in flasks in a refrigerator at

6 �C under exclusion of light until use. The polymer-

modification of the paper samples is illustrated in

Fig. 2 and was conducted as follows.

Fig. 1 Molecular structure of the synthesized copolymer

poly(dimethylacrylamide-co-4-benzoylphenyl-2-methacrylate-

co-rhodamine B-methacrylic acid (P(DMAA-co-MABP-co-

RhBMA)) carrying the fluorescent monomer (m), the photo-

cross-linking monomer (o) and the matrix monomer (n),

respectively. Molar composition as determined by 1H-NMR

(see supporting information): m ? o = 3.5%; n = 96.5%
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In brief, (1) a PTFE (Teflon)-dish was filled with

the given copolymer solution (H2O, IPA or BuOH)

and the pre-weighed paper samples were submerged

one at a time. A petri dish on top (of the Teflon-dish)

was used to prevent large amount of solvent evapo-

rating and thus changing the concentration over time.

After at least 60 s, the paper samples were pulled out

and laid flat on a 3D-printed frame with Teflon yarn

(see supporting information for details) for drying

overnight under climate-controlled conditions. (2)

After equilibration and consecutive weighing of the

impregnated paper samples, ambient dried samples

were pressed with a defined weight (* 15 kg) for

about four hours to ensure flat samples and a uniform

UV-excitation. By illumination of the paper samples

with UV-light, the benzophenone groups were excited

and thus the cross-linking of the copolymer was

induced. The UV source used was a Newport 1000 W

Oriel Flood Exposure Source with a wavelength of

k = 365 nm. Five samples were illuminated at a time,

each with an energy density of E = 16 J cm-2, at

which approx. 94% of the present benzophenone

groups reacted, as reported previously (Toomey et al.

2004; Jocher et al. 2015). (3) After the UV-excitation,

extraction with cold H2O was carried out, in order to

remove any unbound copolymer from the paper

samples. For this, the paper samples were extracted

in an extraction apparatus for four cycles, which is

sufficient for complete removal of unbound copoly-

mer, after which the paper samples were dried on the

Teflon-sieve under climate-controlled conditions.

After equilibration the dried paper samples were

weighed one more time, before they were pressed

again to guarantee flat samples for the tensile

measurements. Note, for the reference experiments,

paper samples were impregnated in H2O, IPA or

BuOH for at least 60 s and dried afterwards, all other

steps were carried out as described above.

Preparation of thin slices for confocal microscopy

To improve the visibility of cellulose fibers under

fluorescence microscopic investigation, paper sheets

were stained in a 100 lM aqueous Calcofluor White

(CW) solution for ten minutes, washed in H2O for

another 10 min to remove unbound CW and dried

overnight. A commercially available polyurethane

system consisting of an aliphatic polyisocyanate

(Desmodure 3200), a polyol (Albodur 956), and a

catalyst (TIB Kat 318) in a ratio of 1:1:5 9 10–4 was

used to embed the samples. After a few vacuum cycles

at room temperature to improve the penetration of the

embedding medium inside the paper samples, they

were cured overnight and consecutively cut into

120 lm slices using a microtome.

This technique has been used to analyze the spatial

modification of paper and the functionalization of fiber

surfaces, where details can be found in recent publi-

cations (Bump et al. 2015; Janko et al. 2015; Nau et al.

2019).

Despite an increased resolution and contrast that

confocal detection provides over standard widefield

Fig. 2 Schematic illustration of the impregnation process of paper samples with the copolymer dissolved in three different solvents

H2O, 2-propanol (IPA) and 1-butanol (BuOH)
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microscopy, light scattering limits axial resolution,

especially with highly scattering samples, such as

paper. The latter to some extent can be circumvented,

by imaging thin cross-sections of paper to assess the

distribution of chemical modifications across the

paper width. As lateral resolution of microscopy

applies, which, for confocal detection, exceeds the

axial resolution by a factor of around 3, this method

becomes highly suitable for distinguishing, e.g.

whether the copolymer has adsorbed onto or within a

fiber wall, this resolution gain is required. Addition-

ally, image stacks of paper samples were made with

traditional confocal detection and combined into 3D-

images in order to analyze the spatial distribution of

the copolymer between the fibers and inside the whole

fiber network. It should be noted, that this approach

reintroduces some of the challenges, which were

avoided by using thin cross-sections.

For confocal investigation, the prepared slices or

the paper samples were mounted between two round

coverslips with Type F Immersion liquid from Leica or

H2O, respectively, as immersion medium. Using a

Leica TCS SP8 (Leica Microsystems, Mannheim,

Germany) CW fluorescence was excited at 405 nm

and fluorescence emission was detected between 420

and 480 nm. Rhodamine B labelled copolymer, in

turn, was excited at 552 nm and detected between 570

and 650 nm. Image stacks of* 50 slices with widths

of 0.6 to 1 lmwere acquired and processed within the

Leica Application Suite X to render 3D-stacks of paper

samples for further analysis.

It should be noted, that during image acquisition the

settings for laser intensity, detector sensitivity (gain

and offset) and later on during image processing, the

brightness and contrast of the images were adjusted, in

order to achieve the highest detail and images where

the spatial distribution of the copolymers can best be

compared. Thus, no quantitative information about

copolymer amount in the different samples can be

derived from the images provided/shown in this work.

However, quantitative analysis through calibration via

a concentration series can be done as was shown

previously by our group (Bump et al. 2015), however

it was not in focus in this work here.

Tensile strength analysis

Dry tensile strength of the paper samples was deter-

mined as an average of at least five samples according

to DIN ISO 1924-2 with a Zwick Z1.0with a 1 kN load

cell using the software testXpert II V3.71 (ZwickRoell

GmbH & Co. Kg) in a controlled environment with

23 �C and 50% r.h.Wet tensile strength measurements

were conducted in analogy, after the paper samples

had been submerged in H2O for at least five minutes.

To remove any excess water, the paper samples were

sandwiched between tissue paper and slightly pressed.

A 20 N load cell was used for those measurements, to

improve the precision of the tensile tests in the wet

state. Along the measured dry and wet tensile indices,

the relative wet strength is a relevant quantity, which is

used in the paper formation industry and can be

calculated according to this equation:

rel: wet strength ¼ wet tensile index

dry tensile index
� 100 ð1Þ

The definition of the dry/wet tensile index is shown

in the following equation:

dry=wet tensile index ¼ Fmax

b� grammage
� 100 ð2Þ

Here Fmax is the maximum force at break in N, b is

the width of the sample in mm and the grammage of

the paper is given in g m-2.

Setup for fiber failure analysis via Zwick-

videography

A commercially available full frame mirrorless cam-

era from Panasonic (DC S1) with a macro lens from

Canon (MP-E 65 mm f/2.8 1–5 9 Macro Photo) and

an adapter from Novoflex (SL/EOS) was used. The

camera was mounted on a manual x/y/z-stage on a

table that was decoupled from vibrations of the tensile

testing equipment. The aperture was set to 5.6, the

shutter speed was 1/30 s and the ISO was set to 800.

The videos were recorded with a resolution of

3840 9 2160 px at a frame rate of 29.97 frames/

second. A UV-lamp (365 nm) was used from the

backside of the paper samples to excite the fluorophore

(cationic dye—Pergasol Yellow F6-GZ) of the

labelled fibers (0.1 wt% of all fibers).

Results and discussion

As water is by far the predominant processing solvent

used in the paper formation industry, we used this
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solvent in conjunction with copolymer treatments of

paper in previous studies (Jocher et al. 2015). How-

ever, while it was possible to prepare paper samples

with high wet tensile indices with the copolymer

dissolved in H2O, we also became interested in the use

of other solvents in combination with copolymer

immobilization. We were particularly interested in the

use of solvents, that don’t lead to significant fiber

swelling, in comparison with water, which is known to

swell paper fibers. As model paper sheets eucalyptus-

sulfate paper samples with a grammage of 80 g m-2

were prepared and impregnated with the respective

copolymer solution in the chosen solvent. In order to

prevent any mechanical agitation of the cellulose

fibers during treatment with the copolymer solution,

an impregnation approach was used in this work. This

also enables the analysis of the diffusion process of the

copolymer in the different solvents throughout the

fiber network and the fibers themselves, without any

influence from external forces. A sieve with thin

Teflon-yarn was designed for non-contact drying, to

prevent further influence on the spatial distribution by

capillary or gravitational forces. The copolymer

modified paper sheets were illuminated by UV-light

in order to cross-link the copolymer inside the sheet.

Non-bound macromolecules were removed by solvent

extraction. The amount of paper sheet attached, cross-

linked polymer was determined by gravimetric anal-

ysis and was typically on the order of 10 wt% in

relation to untreated paper samples (see supporting

information for details). After cross-linking and

extraction, respectively, we first investigated possible

failure-mechanisms by time-resolved tensile micro-

scopy. Secondly, the macroscopic tensile properties in

the dry and the wet state were determined via tensile

strength analysis and the spatial distribution of the

macromolecules inside the fiber network was finally

analyzed in detail using confocal laser scanning

microscopy (CLSM).

Tensile properties

The tensile properties of paper sheets are very

sensitive to a wide variety of environmental factors,

e.g. humidity, temperature, UV-exposure, swelling

and drying. Since the copolymer-application includes

multiple swelling and drying cycles in addition to

significant UV-exposure, the influence of this treat-

ment without the copolymer on the tensile and wet

tensile strength was analyzed first as a reference. It

should be noted that paper without any wet strength-

ening is intrinsically very weak in the presence of

water and it is therefore challenging to analyze such

wet paper sheets in a conventional tensile testing

device, as such measurements generally lead to

significant errors in the range of 10–13% (SD) for

eucalyptus-sulfate paper with a grammage of

80 g m-2. While the influence of grammage or fiber

type was not the focus of the present study, this may

well be addressed in a follow-up work.

Figure 3 shows examples of tensile curves in (a) the

dry and (b) the (aqueous) wet-state, respectively, for

paper samples that have been modified and cross-

linked with the same copolymer from different

solvents mentioned in the figure. The dry and wet

tensile index, as derived from these measurements

using Eq. (2) is shown in Fig. 4.

Failure mechanisms of functionalized paper sheets

in the wet state

It is believed that the main failing mechanism of

cellulose paper in the wet state is governed by fiber

pull out. This would be intuitive, because in the wet

state the fiber–fiber-bonds are weakened, and the

fibers themselves become more flexible provided that

the fibers do swell significantly. The failure of single

fibers, on the other hand, should occur less frequently,

but should be observable nevertheless (Siqueira 2012).

In order to get a better understanding of the failure-

mechanisms for the eucalyptus polymer-modified

paper samples used in this study here, an experimental

setup for observing single cellulose fibers during the

tensile straining was assembled. Paper sheets, where

0.1 wt% of all fibers have been stained with fluo-

rophore Pergasol Yellow F6-GZ, were analyzed in a

time-resolved fashion.

Figure 5 shows snapshots of tensile-test videos

taken from polymer-modified paper sheets. Note, the

complete video sections can be found in the supporting

information. As shown in the first example in Fig. 5a,

we frequently observed tearing of single fibers, while

being under significant bending load. By looking at the

combined length of the fiber fragments and comparing

it to the initial fiber length, it becomes apparent, that

the fiber-wall delaminates (Fig. 5a). Delamination of

the fiber cell wall has been shown to occur in other

eucalyptus paper samples with the help of electron
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microscopy by other groups as well. (Siqueira 2012) In

addition, fiber pull-out was observed as a second

typical failure mechanism, shown in Fig. 5b, respec-

tively. Both mechanisms, fiber pull-out and fiber

delamination driven breakage, have been reported

before by others, studying the tensile properties of

wet-strengthened paper sheets. (Siqueira 2012)

Studying single-fiber behavior in more depth is of

high interest, however, also requires an extensive

statistical analysis. Note, at present we did not intend

to draw such quantitative information from the tensile-

test videos in order to judge which kind of failure

mechanism determines the breakage of the wet paper

samples most. We instead moved our attention to a

Fig. 3 Exemplary stress–strain curves measured during dry (a) and wet (b) tensile testing, from which the maximum force at break

(Fmax) and subsequently the tensile indices were calculated

Fig. 4 Dry and wet tensile

indices of eucalyptus-sulfate

paper samples with a

grammage of 80 g m-2

shown side by side with the

amount of copolymer inside

the paper samples, as

determined by gravimetric

analysis for: pure cellulose

paper samples not subjected

to any treatment (Ref),

samples subjected to the

procedure for copolymer

application, without any

copolymer in the solution

(RefSwell), and samples

where the copolymer was

applied out of H2O, IPA and

BuOH (for more details, see

supplementary information)
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quantitative macroscopic tensile behavior of the paper

sheets, and in particular, of polymer-functionalized

paper sheets, which allows for higher throughput of

various samples.

Impact of swelling-drying-cycles combined with UV-

treatment

In order to compare the tensile strength of paper

samples treated with the copolymer, we first analyzed

the influence of the solvent treatment without any

copolymer. When comparing the tensile-straining

behavior of the Ref- and RefSwell-samples in the dry

state in Fig. 3, it is apparent, that the treatment without

copolymer leads to a significantly lower maximum

force at break, while the elongation (strain at break) is

increased. In the wet state, however, differences in the

elongation are not as significant. In Fig. 4 the dry and

wet tensile index, as derived from the stress–strain

curves for the different paper samples are shown. If a

reference paper sheet (Ref) is analyzed with respect to

the tensile index, we observe typical values of about

17.6 N m g-1 and 0.3 N m g-1 for the dry and wet

state, respectively. If the same paper is now being

treated with one of the solvents without any copolymer

and a similar swelling/drying protocol in combination

with UV-exposure is used as with the copolymer

impregnation process, we observe a decrease of both,

dry and wet tensile index, to 9.8 and 0.2 N m g-1

(RefSwell—H2O), 12.1 and 0.2 N m g-1

(RefSwell—IPA) and 12.2 and 0.2 N m g-1

(RefSwell—BuOH), respectively.

There are multiple factors which have to be taken

into account, when analyzing the effect of such a

swelling/drying treatment with UV-exposure. Gravi-

metric experiments show, that drying under climate

controlled conditions (23 �C, 50% r.h.) leads to a

significant increase in moisture content (for all three

solvents—detailed information in table S4), which can

weaken the forces described earlier, being responsible

for the intrinsic strength of paper, and thus the tensile

strength. Further on, it has been found that unre-

strained drying, which is comparable to drying on a

mesh, significantly lowers the tensile strength (Strand

Fig. 5 Examples of two frequently observed mechanisms (a fiber failure and b fiber pull-out) during the failure of polymer-modified

paper sheets during tensile straining in the wet state, captured with a self-made Zwick-videography setup
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et al. 2017; McKenzie and Higgins 1955), which

further explains our results with the reference paper.

Another factor is the extraction of fiber fragments

known as ‘‘fines’’ of the fiber network, which is also

known to decrease the tensile strength. Although the

paper samples in this study haven’t been dry or wet

pressed after paper making, the additional swelling

and drying cycles during the treatment of paper

samples can also lead to hornification, which could

explain the observed decrease in measured tensile

strength. In addition, it is safe to assume, that the

intensive UV-exposure also has an influence on the

tensile properties. It is known, that such UV-exposure

significantly reduces the degree of polymerization

(DP) of cellulose fibers (Kolar et al. 2000), and the

group of Fang et al. (2020) observed that such a

decrease of cellulose DP leads to a significant decrease

of the tensile strength of nanocellulose films prepared

thereof. Considering, that for the three reference

experiments without any copolymer addition, the

extraction process was carried out in H2O and the

UV-treatment was identical, the observed similar

values for dry and wet tensile index can be explained.

Impregnation using H2O versus IPA versus BuOH

We next investigated the stress–strain behavior of

paper sheets modified with the copolymers in water,

2-propanol and 1-butanol, respectively. Examples of

the data are shown in Fig. 3. It can be inferred that the

dry tensile behavior for all solvents chosen are

(almost) similar, whereas the stress–strain behavior

of the respective samples in the wet state differs

significantly. In particular, the maximum force at

break progresses as BuOH\ IPA\H2O. Dry and

wet tensile index were further calculated from the

measurements and are shown for all samples in Fig. 4.

As can be inferred from the figure, the dry tensile

index was increased by all three impregnation-treat-

ments from 17.6 and 9.8 N m g-1 for the Ref and

RefSwell, respectively, to 36.8, 46.3 and

44.5 N m g-1 for H2O-, IPA- and BuOH-impregna-

tion, respectively. Comparing the wet tensile indices,

it becomes clear that the H2O-impregnated paper

samples possessed significantly higher wet strength.

The latter increased from 0.3 and 0.2 N m g-1 for

RefSwell and Ref, respectively, to 8.9 N m g-1, while

IPA and BuOH-impregnation led to less increased

values of 2.2 N m g-1 and 1.4 N m g-1 respectively.

Considering, that the coefficients of variation are all

below 5% (see supplementary information), these

results are reproducible over many test samples. Only

measurements for the wet tensile index of IPA-

impregnated samples have a significantly higher

coefficient of variation, indicating that IPA introduces

a broader range of slightly different impregnation

results, even though this can’t be observed for tensile

tests in the dry state where the coefficient of variation

is significantly lower.

The amount of cross-linked copolymer inside the

paper samples was evaluated by a gravimetric

approach under norm climate conditions. The results

(see supplementary information) show that more

copolymer adsorbs during impregnation with H2O

(11.4 wt%) if compared to IPA- (8.0 wt%) and BuOH-

impregnation (7.3 wt%). However, given the low

absolute difference of the impregnated amount com-

bined with the similar dry tensile values, we do not

believe that this parameter is the determining factor

for the observed difference in tensile properties.

In Fig. 6 the calculated values for relative wet

strength of the different paper samples are shown. It is

immediately evident, that applying the copolymer

from H2O yields the highest relative wet strength

paper samples. The high relative wet strength of

24.2% is directly related to the significant increase in

wet tensile index, while at the same time the dry tensile

index increases only by a significantly lower factor.

Because the relative wet strength (Eq. 1) is calculated

from the ratio of wet to dry tensile index, this

overstates/exaggerates the wet strength of the paper

samples, in comparison to the IPA- and BuOH-

impregnated variants, where the increase in wet

tensile strength was lower, while the increase in dry

tensile strength was significantly higher. Therefore,

the values for relative wet strength should always be

treated with caution, when comparing paper samples

and the data used for the calculation should be taken

into account.

Spatial distribution—impregnation in H2O

versus IPA versus BuOH

Next, we addressed the question why different

solvents lead to significant differences in tensile

strength. To this, the spatial distribution of copolymer

inside the cellulose fiber network was analyzed using

CLSM. By incorporating a fluorescing group,
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Rhodamine B, into the copolymer and subsequently

staining the treated cellulose fibers with the fluores-

cent brightening agent CW, before embedding them in

an epoxy-resin and preparing thin cross-sections, the

spatial distribution throughout the fiber network was

analyzed.

Cellulose fibers were stained after the copolymer-

treatment, in order to enhance their visibility while

fluorescence imaging. Although cellulose fibers from

eucalyptus-sulfate pulp contain considerable amounts

of lignin detectable with fluorescence imaging, the

importance of the staining procedure can be seen in

Fig. S4 in the supplementary information. Staining

cellulose fibers after impregnation was done in order

to rule out any effect of the staining on the spatial

distribution of the copolymer and on the development

of tensile properties of the samples. Due to this, some

images may show inhomogeneous staining (e.g.

Fig. 7g), probably caused by interactions between

the copolymer and the dye.

In consideration of the ability of H2O to swell

cellulose fibers, it can be assumed, that the dissolved

copolymer is able to penetrate the cellulose fiber

network as a whole, which includes the fiber wall and

the lumen, respectively. Taking a closer look at the

fluorescence-channel from the fluorescently-labelled

copolymer in Fig. 7b, this hypothesis can be con-

firmed. The fluorescence can be observed across the

whole paper width, pointing towards the complete and

homogeneous penetration on the scale of the fibers.

Furthermore, we find copolymer inside the fiber lumen

and upon higher magnification (see Fig. 7c) even

within the fiber walls. In contrast, as both IPA and

BuOH do not account for high degrees of swelling of

the paper fibers, polymers dissolved in these solvents

and brought into contact with the fiber are not expected

to access all spaces within the non-woven sheets.

Taking a closer look at the superimposed image of the

fluorescence channels of the IPA- and BuOH-impreg-

nated cellulose fibers (CW—cyan) and the copolymer

(RhB—magenta) in Fig. 7f, i, respectively, this

hypothesis can be confirmed. The copolymer seems

to be mainly accumulated on the outside of the fibers

and scattered rather inhomogeneously across the paper

width. Upon higher magnification, Fig. 7f, i, respec-

tively, show, that the copolymer is not able to

penetrate inside the fiber or into the fiber walls and

only a few of the fiber lumens are partially filled.

To further analyze the spatial distribution between

the fibers, image-stacks of the cellulose fiber network

were taken with the CLSM, and combined to 3D-

images. The fluorescent brightening agent CW was

once again used to stain the cellulose fibers.

The stacked images of the cellulose fiber network in

Fig. 8 reveal the distribution of the copolymer in

between the fibers. In analogy to the observations in

the cross-sectional images, the overlay of the fluores-

cence channels in Fig. 8c shows, that the copolymer

dissolved in H2O seems to be distributed homoge-

neously across the paper width. In comparison,

applying the copolymer out of IPA and BuOH seems

to lead to a more scattered, inhomogeneous distribu-

tion across the paper width, as can be inferred from

Fig. 8f, i, respectively. However, BuOH-impregnation

seems to be more homogeneous, especially when

Fig. 6 Relative wet strength of eucalyptus-sulfate paper

samples with a grammage of 80 g m-2 shown side by side

for: pure cellulose paper samples not subjected to any treatment

(Ref), samples subjected to the procedure for copolymer

application, without any copolymer in the solution (RefSwell),

samples where the copolymer was applied out of H2O, IPA and

BuOH (for more results, see supplementary information)
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comparing the fluorescence channels of the copolymer

for IPA- and BuOH-impregnated samples in Fig. 8e,

h, respectively. It is also apparent, that in particular

with H2O as a solvent there are almost no sleeves

around fiber crossing points, which could yield a

significant reinforcement of these fiber crossing-

points, if in contact with water. Note, the use of

dimethylacrylamide as the matrix monomer leads to a

highly hydrophilic polymer, which can readily swell in

water, even in the cross-linked state. Thus, we do see

clear evidence for action of the copolymer/H2O

system by the reinforcement mechanism, rather than

by a protection mechanism. However, as is also

evident from the structure analysis, the copolymers do

not act purely on the reinforcement of fiber-crossing

points but rather on the complete paper fiber. In the

Fig. 7 CLSM cross-sectional images of an embedded paper

sample, with the fluorescently labelled copolymer applied out of

H2O (a–c), IPA (d–f) and BuOH (g–i), respectively, beforehand.
The images show the cellulose fibers stained by CW (a, d, g),
PDMAA labelled by RhB (b, e, h) and an overlay of the latter (c,

f, i). The insets each show a magnification to highlight the

spatial distribution of the RhB-labeled PDMAA across the fiber

width and inside the fiber lumen. Scale bars are 100 and 20 lm
for the overlay and insets, respectively. Overlays of both

fluorescent signals appear as white
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case of IPA and BuOH, the copolymer can be observed

as sleeve-like-aggregates both at as well as away from

fiber–fiber crossings, as can be seen in Fig. 8f, i,

respectively. However, as they are not fully wrapping

around the fiber crossing points and due to the

hydrophilic nature of the cross-linked polymer, the

protection of those crossing points from moisture

according to a protectionmechanism can be neglected.

While those aggregates are able to form cross-links

between adjacent fibers, the remaining fiber surface,

without any fibers in close proximity, is virtually free

of adsorbed copolymer—at least as far as fluorescence

Fig. 8 CLSM image stacks of paper samples combined to 3D-

images, with the fluorescently labelled copolymer applied out of

H2O (a–c), IPA (d–f) and BuOH (g–i), respectively, beforehand.
The images show a top view of cellulose fibers stained by CW

(a, d, g), PDMAA labelled by RhB (b, e, h) and overlays of the
latter (c, f, i). For H2O-impregnation the images show the

homogeneous spatial distribution of copolymer across the whole

fiber network. Overlays of both fluorescent signals appear as

blue in 3D-renderings. In contrast, the IPA -impregnated

samples show an inhomogeneously distributed copolymer with

agglomeration at fiber–fiber crossings, while the BuOH-
impregnated samples show a more homogeneous distribution,

but not on the single fiber scale comparable to H2O-impregna-

tion. Scale bar is 100 lm
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imaging allows to state this. In contrast, when

comparing the fluorescence channels of the fibers

(cyan) and the copolymer (magenta) of the H2O-

impregnated paper samples (Fig. 8a, b), it is difficult

to see significant differences. It seems as though the

fluorescence of the CW-labelled fibers is at the

outermost part and the fluorescence of the copolymer

is beneath it, which can be observed in the cross-

sectional images in Fig. 7c, too. This suggests, that the

copolymer is not outside of the fibers or on the surface,

but rather inside the fiber wall and the lumen,

respectively. The presence of the copolymer inside

the fibers can also be observed when looking at the in-

plane projection of the stacked images (see supple-

mentary information).

When comparing different solvents, the hydrody-

namic properties, and, in particular, size exclusion

effects as well as thermodynamic behavior of the

polymers in solution can become critical and can

impact the deposition and resulting spatial distribution

of the adsorbed copolymers in/on the fibers. In order to

learn more about the thermodynamic behavior of the

polymers in dilute and concentrated solutions, we

analyzed the polymer solutions by dynamic light

scattering (at concentrations of 5 mg mL-1) and

additional turbidity measurements at higher concen-

trations (5–45 mg mL-1), in order to determine the

phase behavior at variable temperatures (5–50 �C).
Data can be found in the supporting information. In

brief, hydrodynamic radii of the copolymers in H2O,

and IPA, show very similar values in the range of

7–11 nm, respectively.

The turbidity experiments (see supplementary

information) do not show any aggregation for the

solvents IPA and BuOH over a wide temperature-

range even at highest chosen concentrations of up to

45 mg mL-1. However, for the copolymer-solution in

H2O, clouding can be observed at around 13 �C which

becomes more pronounced with increasing tempera-

ture. Lowering the concentration to 25 mg mL-1

(impregnation) and further to 5 mg mL-1 (DLS), the

temperature, where clouding is first observed,

increases significantly to 21 and 36 �C, respectively.
In particular, in alcoholic solutions under impregna-

tion-conditions chosen, no aggregates are present.

To elucidate how accessible the adsorption sites are

for the copolymer in the cellulose fiber network,

information on the pore size (distribution) is impor-

tant. The pore sizes of the paper sheets used in our

study range from tens of nanometers to 30 lm and was

analyzed by mercury-intrusion (for an example of the

latter see supporting information). With respect to the

adsorption of macromolecules on/in paper fibers,

smaller pores in the cell walls were studied by various

methods and values ranging from 10 to 100 nm were

reported (Wu et al. 2009). Pores and grooves that are

on the order of the size of an unperturbed polymer

chain may not be trivial to be accessed by the

macromolecules due to confinement effects (i.e. the

polymer chain can only enter the pore if segments are

stretching, which is thermodynamically not favored).

However, polymers may easily enter pores that are

larger than the molecular size of the macromolecule.

With respect to this, it therefore makes a large

difference, if fibers are pre-swollen in the solvent or

if the polymer solution is transferred onto a dry paper

sample. Submerging a dried paper sample in a given

solvent leads to sudden imbibition into the sample, due

to strong capillary forces. (Alava and Niskanen 2006)

The work of El Seoud et al. (2008) allows for a

quantitative comparison of the used solvents in this

regard, by determining the extent of swelling using a

simple gravimetric approach. The results show a

significant difference of the ability to swell cellulose

fibers: H2O * 62.7%, IPA * 4.7% and BuOH *
7.2%, respectively. From these values it can be

inferred, that impregnating the paper with the copoly-

mer dissolved in H2O, a significantly higher volume of

the copolymer solution, i.e. around ten-fold more, is

spontaneously pulled inside the fiber network and

inside the fibers by capillary forces and fiber swelling,

as compared to impregnation of paper with IPA and

BuOH solutions.

Without the possibility of fiber swelling, IPA and

BuOH can only transport the copolymer to the outer

surface of fibers, or inside the fiber lumen through

larger defects and pinholes in the fiber wall. While

drying, the solvent accumulates at fiber–fiber cross-

ings, due to increased capillary forces, leading to

precipitation of the copolymer at such spots. In

addition, IPA has a lower boiling point and a higher

vapor pressure [42.6 hPa (20 �C) (Lide 2004)] com-

pared to H2O and BuOH, leading to a more sudden

evaporation of the solvent and hence yielding an

inhomogeneous distribution of the copolymer across

the paper width, which again is in accordance with our

structure analysis.
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The copolymer inside the fibers of H2O-impreg-

nated samples can form homo-cross-links with its own

backbone (Toomey et al. 2004; Körner et al. 2016;

Prucker et al. 2018), but is also able to yield covalent

hetero-cross-links with CH-groups of cellulose chains

(Jocher et al. 2015). In this way, cellulose chains,

penetrating into the fiber wall from adjacent fibers, can

covalently link with each other and with the fibers

under the influence of UV-light, thereby also strength-

ening fiber–fiber bonds. Hence, the latter, may be one

explanation for the increase in dry and wet tensile

strength, even though most of the copolymer is located

inside the fibers, ostensibly not contributing to the

reinforcement of fiber–fiber bonds. Another explana-

tion, how a cross-linking polymer within the fiber wall

may contribute to a higher wet strength can be deduced

from our video observations. Single fiber failure and in

particular delamination would directly benefit from a

strengthened fiber wall, i.e. reinforced by the cross-

linked copolymer on and in the fiber wall. While the

slipping mechanism may strongly be affected by

fiber–fiber connections, it is reasonable to assume, that

fiber flexibility in the dry and the wet state plays a

significant role if fibers glide/slide past one another

during tensile load.

Combining the results of the spatial analysis and the

tensile tests, it may be assumed, that the copolymer

works as a bulking wet strength agent. Luner and Zhou

(1993) reported that depositing or introducing chem-

icals of molecular size, small enough to penetrate the

cell wall, is a method to achieve wet strengthening. By

doing this, the moisture regain is reduced and there-

fore the dimensional stability is increased, inhibiting

swelling of the cellulose fibers. Swelling of cellulose

fibers has a major effect on the morphology especially

the length and width (Lindner 2018). A possible

explanation for the significant impact decreased

swelling and increased dimensional stability of single

cellulose fibers have on the wet tensile strength of the

fiber network inside paper sheets is, that the relative

bonded area (RBA) isn’t decreased when the paper

comes into contact with moisture. The RBA is one of

the parameters of the Page equation and is a key factor

influencing the dry tensile strength, next to the single

fiber bond strength (Page 1969). Even though intro-

ducing moisture inside a fiber network changes the

situation and probably the failure mechanism under

tensile load, one may still consider the RBA as an

important factor, if describing the tensile strength of

paper in the wet state.

Studies looking at the enhancement of dry strength

by using carboxymethylcellulose-grafted (CMC) pulp,

cationic starch (C-starch) and microfibrillated cellu-

lose (MFC) found, that the enhancement was mainly

due to the increase in RBA on the microscale

(Lindström et al. 2016). These results are supported

by experiments on the influence of the application-

method of polyacrylamide (PAM) on the enhancement

of dry tensile strength of paper (Mihara et al. 2008).

They found, that an external application method by

impregnating finished paper samples in an aqueous

PAM solution yielded significantly higher dry tensile

index values, compared to the mass application during

paper formation. Additionally, the spatial adsorption

of PAM was analyzed by controlled etching of the

cellulose and concurrent ATR-FTIR measurements,

which showed, that the external application method

led to the deposition of PAM mainly on the fiber

surface and around fiber–fiber bonds, respectively.

This can explain the difference in the observed dry

tensile indices of H2O-, IPA- and BuOH-impregnated

samples, since impregnation from H2O yields densely

homo- and hetero-cross-linked networks of copolymer

inside the cellulose fibers. Therefore, the amount of

copolymer contributing to cross-linking outside and in

between fibers, possibly increasing the RBA and thus

the dry tensile strength, can’t be as high.

Conclusions

The preparation of paper samples impregnated with a

photo-cross-linkable fluorescent copolymer

P(DMAA-co-MABP-co-RhBMA)was achieved using

three different solvents H2O, IPA and BuOH, respec-

tively. Concurrently the spatial distribution of the

copolymer inside the fiber network and the fibers

themselves was analyzed with confocal microscopy

(CLSM) of thin cross-sections and 3D-images. This

method, in contrast to commonly used imaging

methods in paper science and technology, does not

require sophisticated sample preparation nor any

specialized very expensive equipment and would thus

be of interest for many more analytical tasks in the

context of paper structure analysis.

Using either of the three solvents for impregnation,

we were able to significantly increase the dry and wet
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tensile indices, by using the aforementioned copoly-

mer yielding relative wet strengths of up to 25%.

Because H2O has the ability to readily swell

cellulose fibers inside the paper network, a homoge-

neous distribution of the copolymer in and on the

fibers can be observed. This reinforces both the fiber

crossing points and the fibers themselves, which

increases the tensile index, especially in the wet state.

By using solvents which do not swell the cellulose

fibers, e.g. IPA or BuOH, the copolymer can’t

penetrate into the fibers, the distribution of the

copolymer on the surface of the fibers is less homo-

geneous and wet tensile (relative wet-) strength is

much lower.

Overall, we can thus conclude that impregnation

with IPA and BuOH solutions of the copolymer is

preferable for the dry tensile strength, while impreg-

nation with H2O dissolved macromolecules followed

by photocrosslinking allows for increased wet tensile

strength of paper samples.

To gain an even deeper understanding of the

underlying mechanisms, in particular when using the

photo-reactive wet-strength agents, in future, we will

focus in more detail on the influence of paper-extrinsic

parameters, such as the source of light, illumination

conditions and solvent content during illumination, as

well as paper/paper technology intrinsic parameters

such as a comparison of the here reported impregnated

papers vs. the use of (charged) copolymers in wet end

processes.
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ABSTRACT: We present an alternative to commonly used, but from an environmental point of view, problematic wet strength
agents, which are usually added to paper to prevent a loss of mechanical stability and finally disintegrate when they get into contact
with water. To this end, diazoester-containing copolymers are generated, which are coated onto paper and by heating to 110−160
°C for short periods of time become activated and form carbene intermediates, which undergo a CH-insertion cross-linking reaction.
The process leads to a simultaneous cross-linking of the polymer and its attachment to the cellulose substrate. The immobilization
process of copolymers consisting of a hydrophilic matrix based on N,N-dimethylacrylamide and a diazoester-based comonomer to a
cellulose model surface and to laboratory-engineered, fibrous paper substrates is investigated as a function of time, temperature, and
cross-linker composition. The distribution of the polymer in the fiber network is studied using confocal fluorescence microscopy.
Finally, the tensile properties of modified wet and dry eucalyptus sulfate papers are measured to demonstrate the strong effect of the
thermally cross-linked copolymers on the wet strength of paper substrates. Initial experiments show that the tensile indices of the
modified and wetted paper samples are up to 50 times higher compared to the values measured for unmodified samples. When dry
and wet papers coated with the above-described wetting agents are compared, relative wet strengths of over 30% are observed.

■ INTRODUCTION

When paper comes into contact with water, its mechanical
stability decreases dramatically, and accordingly for all
applications where paper becomes wet, wet strengthening of
the paper is necessary to prevent disintegration. The addition
of wet strength agents plays an important role for a large
number of paper grades, including paper bags, bank note
paper, map paper, packaging paper, and especially, the whole
range of sanitary papers such as towel paper, toilet paper, and
tissue paper.1

Several different types of polymers have been used
throughout the history of papermaking to achieve a high
tensile index of paper under wet conditions. The earliest wet
strength agents were formaldehyde resins, which are simple,
inexpensive, and can be produced on a large scale. In such
systems, precursors formed from urea or melamine with
formaldehyde are cross-linked under acidic conditions upon

dehydration. In this process, methylol (−CH2OH) groups
form methy lene (−CH2−) or methy lene ether
(−CH2OCH2−) bridges between urea or melamine moieties.2

While the material cross-links and becomes thus insoluble, the
interaction with the paper is usually mostly physical and it is
assumed that no reaction with the cellulose fibers occurs. The
drawbacks of these wet strength agents are a high need of
energy due to the curing process, acidic processing conditions
that can damage the machinery due to enhanced corrosion,
and a relatively high amount (1−5%) of free formaldehyde,
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which remains in the resins and consequently in the paper,
posing potentially a health and safety risk.3

The most widely used wet strength additives today are
generated by alkaline curing, poly(aminoamide)-epichlorohy-
drin (PAE) being the most important example. PAE resins
contain a secondary amine in the polymer backbone, which
reacts with an epichlorohydrin to form a tertiary amino
chlorohydrin. This intermediate is in equilibrium to the actual
reactive species, a 3-hydroxy-azetidinium ring, as discovered by
NMR investigations.4 The 3-hydroxy-azetidinium ring further
reacts mainly in two ways. Reaction with another amine of the
backbone results in cross-linking of the polymer, while reaction
with carboxyl groups from the paper fiber results in covalent
attachment of the resin to the paper.2,5 Interestingly, instead of
the highly abundant hydroxyl groups, only carboxylic acid
groups react with the 3-hydroxy-azetidinium ring.6,7 While
having outstanding wet strength properties, PAE resins have
also some disadvantages. Besides a rather poor recyclability,
the chemicals used in the process are highly hazardous to
health and the environment, and especially, the halogenated
organic substances in the process require energy- and labor-
intensive work-up of the wastewater produced. Additionally,
the applied polycations and remaining unreacted functional
groups like epoxides can strongly and non-specifically interact
or even react with contacting substances such as proteins in
analytical paper devices.
Due to the abovementioned drawbacks of the conventional

wet strength agents, there is a steady effort in the scientific
community toward the development of new additives to
improve the wet strength of paper. In a non-polymeric
approach by Ichiura et al., a filter paper was treated with the
ionic liquid 1-butyl-3-methylimidazolium chloride.8 After
recovering the ionic liquid and washing the paper sample, an
increase in the tensile index and the wet strength of the paper
could be measured. In a recently published approach by
Mangiante et al., cellulose fibers were alkyne-functionalized in
the first step and later coupled to PEG molecules via click-
chemistry through end-functionalized azide moieties.9 The
presence of PEG grafts led to an increase in tensile and tear

strength properties in the wet state. In an attempt to tackle the
poor recyclability of the common PAE-modified paper, Yang et
al. produced PAE-loaded microgel particles. Comparison of the
wet-peel adhesion between usual PAE and the PAE-loaded
microgels showed the same strength after lamination.10

Through exposure to a reductive dithiothreitol solution, the
strength of the laminate formed by the microgels could be
decreased, while the strength of the common PAE laminates
remained unchanged.
An alternative approach to fabricate paper with a high wet

strength based on photochemical reactions was first introduced
by Jocher et al. in 2015.11 CH-insertion cross-linking (CHic)
reactions of benzophenone units were used to cross-link
poly(N,N-dimethylacrylamide-co-4-benzoylphenyl-2-methacry-
late) [p(DMAA-co-MABP)-copolymers], which had been
applied to a paper sheet from an aqueous solution.
Simultaneous to cross-linking, reactions between the benzo-
phenone units of the polymer and CH-bonds from the
cellulose fibers occur and the polymer additive is covalently
attached to the paper fibers (Figure 1). UV-light at 254 nm or
365 nm can be used to initiate the CHic reaction.
Benzophenone reacts through a biradicaloid triplet state
formed upon photo activation. The oxygen centered radical
abstracts a hydrogen from a nearby CH-bond leaving a carbon
radical at this group, which is now able to recombine with the
carbon radical of the benzophenone unit in order to generate a
new carbon−carbon bond.12 A significant increase in the
relative wet strength of up to 14% was achieved even at a low
comonomer content of 1% MABP and a small amount of
polymer of only 1% in relation to the dry fiber.
In addition to benzophenone, a number of other functional

groups incorporated as comonomers have been described that
are capable to undergo CHic.13−15 For diazoesters, a carbene
intermediate is formed after thermal- or photochemical-
induced activation through loss of nitrogen. Most carbenes
exist in a singlet state and carry out a concerted CH-insertion
reaction, according to the mechanism postulated by Doering
and Prinzbach.16 In a transition state, a three-membered ring is
formed between the carbene and a nearby CH-bond, resulting

Figure 1. Wet strengthening of paper substrates with CHic-able copolymers. (a) Schematic illustration of the polymer distribution around and
inside the cellulose fiber wall after cross-linking. The cellulose fibers are covalently connected through the polymer network. (b) Schematic
illustration of the polymer network formation by photochemically or thermally activated CHic reactions.

Scheme 1. Cross-Linking Mechanism for a Diazoester-Type Cross-Linker, Reacting through a Carbene Intermediate
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in the formation of a new carbon−carbon bond and a
migration of the hydrogen atom of the involved CH-bond. The
necessary activation energy in order to form the carbene
intermediate depends on the stability of the diazo group,
strongly influenced by the moiety R (Scheme 1).
In this paper, we describe the use of N,N-dimethylacryla-

mide (DMAA) containing copolymers containing diazoester
groups for increasing the wet strength of paper. The
copolymers are coated onto the paper in a soaking process
followed by thermal activation of the diazo groups. In previous
publications, it has been shown that this process leads to
carbene formation and simultaneous cross-linking of the
copolymer and surface-attachment to any organic surface
such as the paper studied here. We investigate the
immobilization behavior both on cellulose model surfaces
and on standard paper. We examine the distribution of the
polymer on the paper fibers and study the mechanical
properties of unmodified and modified paper under dry and
wet conditions.

■ EXPERIMENTAL SECTION
Materials. All solvents and chemicals used in this work were

purchased from Merck, Carl Roth, Fluka or TCI and were used as
received unless stated otherwise. All water used throughout the
experiments was deionized unless stated otherwise. 2,2′-Azobis(4-
methoxy-2,4-dimethylvaleronitril) (V-70) was purchased from
Fujifilm Wako chemicals.
Polymer Synthesis. In a typical polymerization process, DMAA

(after removal of the stabilizer) and the chosen cross-linker [1-(4-
(methacryloyloxy)butyl)-3-methyl-2-diazomalonat (MAz) or 2-(2-
diazo-2-phenylacetoxy)ethyl methacrylate (PEDAz)] were dissolved
under a nitrogen atmosphere in N,N-dimethylformamide (DMF).
The monomer concentration varied between 0.5 and 1.5 mol·L−1,
depending on the desired molecular weight. 0.1 mol % Azobis-
(isobutyronitrile) or 2,2′-Azobis(4-methoxy-2,4-dimethylvaleroni-
trile) (V-70) was added, the solution was degassed through at least
three freeze−thaw cycles, and polymerization was carried out for 18 h
at 60 °C for p(DMAA-co-MAz) and 30 °C for p(DMAA-co-PEDAz),
respectively. The polymer was purified either through repeated
precipitation (3x) in diethylether or dialysis in ethanol (MWCO = 3.5
kDa). Polymers were obtained with a Mn between 30 and 80 kg·
mol−1. A summary of all polymers used in this work can be found in
Supporting Information (Table S1). Two approaches were used to
incorporate fluorescence markers. In one approach, 2-aminoethyl
methacrylate hydrochloride (AEMA; 1 mol %) was dissolved in 1 mL
DMF together with 1,8-Diazabicyclo[5.4.0]undec-7-en (DBU) (3 mol
%) for deprotonation. The formed precipitate was filtered off, and the
remaining solution was added to the monomer solution. Polymer-
ization was carried out, as described above. After the polymerization,
rhodamine B isothiocyanate (0.02 mol %) was added to the still warm
solution and stirred for at least 3 h. To remove unattached rhodamine
B, the polymer solution was dialyzed in ethanol until the washing
solution remained colorless. Afterward, the polymer was precipitated
in diethylether and dried under high vacuum. In few cases, 4-
aminostyrene (AmS) was used instead of AEMA. However, better
copolymerization is achieved using a methacrylate moiety instead of a
styrene group. In a second approach, rhodamine B methacrylate
(RhoBMA) was synthesized, according to the literature,17 and
copolymerized with DMAA and a diazoester comonomer, as
described above. Representative 1H NMR data for the calculation
of the cross-linker content can be found in Supporting Information
(see Figures S4 and S5).
Cellulose Model Surface. In order to fabricate cellulose films,

microcrystalline cellulose (Avicel PH-101) was dissolved in N,N-
dimethylacetamide (DMAc)/LiCl through prior activation in H2O
following a procedure described by Dupont.18 In the first step, 1 g of
microcrystalline cellulose was activated in H2O (5 mL) at 40 °C for

60 min. Solvent exchange was performed through filtration and
resuspension first in methanol (2x, 5 mL, 45 min), and then in DMAc
(2×, 5 mL, 45 min). The activated cellulose was added to a solution
of 7 wt % LiCl in DMAc (50 mL) and stirred overnight until a clear
solution was obtained. The solution was stored at 5 °C under nitrogen
until further use. For cellulose film preparation, the fabricated
cellulose stock solution was diluted to 1 wt % and spin-coated (3000
rpm, 60 s) on silicon substrates, which were prior surface-modified
with 1-(3-(chlorodimethylsilyl)propyl)-3-methyl-2-diazomalonat
(MAz-silane),13 through storage of blank silicon substrates in a
solution of MAz-silane in toluene (50 μM) with a catalytic amount of
triethylamine (NEt3). Directly after spin-coating, the substrates were
dried on a heating plate at 120 °C for 30 min. The dry cellulose film
was covalently attached to the silicone substrate via CHic between the
MAz-silane and the cellulose. The substrates were washed in
deionized water for 30 min and dried and stored at room temperature.

Characterization Methods. Contact angles were measured using
an OCA20 device (Data-Physics GmbH, Germany). Water drops of 5
μL were placed on the surface. To determine advancing and receding
angles, water was added or removed to the droplet at a rate of 0.5 μL·
s−1, respectively. The procedure was captured on video, and the last
frames before droplet movement started were evaluated.

IR spectra were acquired on a BioRad Excalibur FTS 3000
spectrometer in the wavenumber ranging from 4000 to 400 cm−1 and
a resolution of 4 cm−1, using two-sided polished silicon substrates.
Spectra evaluation was performed with Varian Resolutions Pro.

X-ray photoelectron spectroscopy (XPS) data were collected using
a PerkinElmer PHI 5600 with Mg Kα radiation. For survey scans in
the range between 0 and 1200 eV, the step width was 0.8 eV with a
pass energy of 187.85 eV and a step time of 100 ms. For detail scans, a
step width of 0.06 eV and a pass energy of 23.50 eV were used. The
angle between the sample surface and detector was set to 45°.

Atomic force microscopy (AFM) measurements were performed
with an AFM-Nanowizard4 from JPK. All AFM images were collected
in the tapping mode (AC mode). PPP-NCH-W sensor tips from
nanosensors were used with a resonance frequency of 298 kHz.
Gwyddion 2.55 software was used for processing the images, and
surface roughness was calculated with the Gwyddion “Statistical
Parameters” tool on an area of 1 μm × 1 μm.

Molecular weights were determined by gel permeation chromatog-
raphy (GPC) on an Agilent 1100 system with WinGPC scientific
(v6.20) software from Polymer Standard Service (PSS, Mainz). A
refractive index (RI) detector was used for polymer detection.
Separation was carried out from a solution of 1.0 g·L−1 with a flow
rate of 1 mL·min−1. Dibutylhydroxytoluene was used as an internal
standard, and the system was calibrated with PMMA standard
samples, which were received from PSS. DMAA-copolymer samples
were measured in DMF with dissolved LiCl (3 g·L−1) on a GRAM
column.

Pulp and Handsheet Preparation. The laboratory-engineered
paper samples used in this work were prepared from either bleached
eucalyptus sulfate pulp [median fiber length (length-weighted): 0.76
mm; curl: 15.9%; fibrillation degree: 5.1%; fines content: 9.1%] or
cotton linter pulp [median fiber length (length-weighted): 0.79 mm;
curl: 12.9%; fibrillation degree: 1.8%; fines content: 19.6%] and had
both grammages of 80 ± 2 g·m−2. The samples were prepared with a
Rapid Köthen Sheet Former according to DIN 54358 and ISO 5269/
2. No fillers or additives were applied to the paper samples prior to
use.

Determination of Gel Contents. For gel content experiments,
polymer layers were prepared on the cellulose model surfaces with a
thickness of 100−150 nm by dip-coating from chloroform (20 mg·
mL−1). The polymer films were cross-linked, and the substrates were
cleaned via Soxhlet extraction with ethanol overnight. The film
thickness was determined with ellipsometry before and after the
washing step using a multiple angle laser ellipsometer (SE 400adv,
SENTECH instruments GmbH), with a HeNe-laser (λ = 633 nm) at
an angle of incidence of 70° from the surface normal. For refraction
indices, n = 1.54 was used for DMAA-copolymers and n = 1.47 for the
cellulose surface.19 A mean value was determined by measuring three

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.1c00249
Biomacromolecules 2021, 22, 2864−2873

2866





spots per sample. The ratio between the thicknesses after/before
washing represents the gel content.
Fluorescence Measurements. From rhodamine B containing

copolymers, ethanol or water solutions (c = 20−30 mg·mL−1) were
prepared, and paper sheets were soaked in the solutions and dried. To
determine the amount of bound polymer, the fluorescence was
measured before and after Soxhlet extraction with ethanol. For each
parameter set, an average value was calculated from three replicas.
Fluorescent microscopy images were taken with a Nikon Eclipse
TS100 and a Nis Elements BR software. A SOLA SE II from
Lumencor was used as the LED light source. To detect the rhodamine
B dyes, a G2A filter cube from Nikon was used. Images were taken
with an illumination time of 100 ms, a pixel depth of 16-bit, and
without binning. The light intensity was set as high as possible
without reaching pixel oversaturation at the beginning of the
measurement and kept constant throughout the experiment. Images
were analyzed with ImageJ software.20 The mean pixel value was
determined for each separate image, and the relative fluorescence was
calculated for all samples after the following equation.

after
before

Relative fluorescence
mean pixel value washing
mean pixel value washing

=
(1)

Standard deviations were calculated from three replicas per data
point. Additionally, a systematic error is added to this value due to
changing environmental conditions.
Confocal Laser Scanning Microscopy (CLSM). For confocal

laser scanning microscopy (CLSM) measurements, samples were
stained in an aqueous Calcofluor White M2R solution (100 μM, pH =
10.6) for 15 min and dried overnight. CLSM image data were
collected at Life Imaging Center (LIC) in the Center for Biological
Systems Analysis (ZBSA) of the Albert-Ludwigs-University Freiburg
on a Zeiss LSM880 microscope. Samples were embedded in Immersol
518 F, covered with a 170 μm thick coverslip, and imaged with an oil-
immersion Zeiss Plan-Apochromat 40×/1.4 objective. Fluorescence
emissions of Calcofluor White M2R and rhodamine B were excited
with 405 nm and 561 nm lasers, respectively. Z-stacks of the samples
were collected using a slice thickness of 0.45 μm and a pixel dwell
time of 2.05 μs. For data collection, a ZEN Black 2.3 Software was
used. The data were analyzed with Imaris5.5 and shown in the blend
mode. For cross-sectional analysis of modified paper samples, a

polyurethane resin consisting of an aliphatic polyisocyanate
(Desmodure 3200), a polyol (Albodur 956), and a catalyst (TIB
Kat 318) in the ratio of 1:1:5 × 10−4 was used to embed the samples.
After curing overnight, samples were cut into 120 μm slices using a
microtome. For confocal investigation, the prepared slices were
immersed with Type F Immersion liquid from Leica and measured
using a Leica TCS SP8. Calcofluor White was excited at 405 nm, and
rhodamine B-labeled copolymer was excited at 561 nm. Images were
acquired and processed within Leica Application Suite X. Images were
acquired with a water-immersion Leica HC PL APO CS2 63×/1.20
objective and a pixel dwell time of 1.2 μs.

Tensile Measurements. For tensile measurements, paper
samples from eucalyptus sulfate were cut into pieces of 1.5 × 12
cm and conditioned in a climate room (23 °C, 50% r.h.) before the
dry weight of the samples was determined gravimetrically. All
following steps were also carried out in the climate room to secure
a constant water content in the paper. The cut paper samples were
soaked with an aqueous polymer solution (30 mg·mL−1) for 1 min
and left to dry overnight. The next day, the sample weight was
determined again before the samples were cross-linked thermally for
40 min at 130 or 160 °C in a UF110 from Memmert for p(DMAA-co-
PEDAz) or p(DMAA-co-MAz), respectively. Afterward, unbound
copolymer was removed through extraction with cold water for 30
min. After repeated extraction for four times, the samples were dried
overnight and the weight of the now extracted samples was
determined a last time. The samples were flattened through pressing
with about 7.2 kN·m−2 for 30 min prior to the tensile measurements.
To prepare PAE-modified reference samples, the unmodified paper
was impregnated in a solution of 1 or 5 wt % Giluton 20XP,
respectively. Afterward, the samples were dried and cross-linked at 93
°C for 10 min.

Dry and wet tensile strength of the paper samples was determined
as an average of at least five samples, according to DIN ISO 1924−2
with a Zwick Z1.0 and a 1 kN or a 20 N load cell, respectively. For the
measurement, the software testXpert II V3.71 (ZwickRoell GmbH &
Co. Kg) was used. For the wet tensile measurements, the samples
were submerged in water for 5 min. Afterward, the samples were
lightly blotted with a tissue paper to remove excess water. From dry
and wet tensile indices, the relative wet strength was calculated after
the following equation.

Scheme 2. Terpolymer Synthesis of DMAA (1), MAz (2) or PEDAz (3), and a Rhodamine B Moietya

aTwo different approaches were used to incorporate the fluorophore. Approach 1: Copolymerization with RhoBMA (4). Approach 2:
Copolymerization with AEMA (5) or AmS (6) and subsequent post polymerization modification with rhodamine B isothiocyanate (7).
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Rel. wet strength
wet tensile index
dry tensile index

100= ·
(2)

The dry and wet tensile indices are calculated after the following
equation

F
b

tensile index
grammage

1000max=
×

·
(3)

Here, Fmax is the maximum force at break in Newton, b is the width
of the sample in mm, and the grammage of the paper is given in g
m−2.

■ RESULTS AND DISCUSSION
To enhance the wet strength of paper substrates, diazo groups
containing copolymers were thermally attached and cross-
linked employing a CHic technique. To this, copolymers were
generated from a hydrophilic matrix monomer dimethylacry-
lamide (DMAA, 1) and a diazoester cross-linker monomer,
namely, either MAz (2) or PEDAz (3) (Scheme 2). Two
different diazoester moieties are chosen in this study for their
variable activation energies. While both cross-linkers are
known to become activated to carbenes which subsequently
undergo a CHic reaction, the temperature windows for the
activation are slightly different. While PEDAz can be activated
at lower temperatures compared to MAz, it comes at the cost
of a lower thermal stability. However, when PEDAz-containing
copolymers are kept in the refrigerator, long-term storage over
several months is possible. To avoid that side reactions occur
during polymer formation, the synthesis of p(DMAA-co-
PEDAz) is performed using the initiator V-70 at a temperature
of 30 °C. Since fluorescence analysis plays an important role in
this work, two different approaches were used to incorporate
fluorophores into the copolymers. For CLSM analysis,
RhoBMA (4) was synthesized, according to the literature,17

and terpolymerized with DMAA and the chosen diazoester
monomer. As RhoBMA is known to switch between a closed,
non-fluorescent spiroamide form and an open fluorescent
form, it is not suitable for quantitative fluorescence analysis.
For this purpose, another terpolymer was synthesized,
consisting of DMAA, a diazoester monomer, and AEMA (5)
or AmS (6). In post polymerization modification, rhodamine B
isothiocyanate (7) can be attached to the terpolymer via a
nucleophilic attack of the primary amine function from AEMA
or AmS and the isothiocyanate function of the rhodamine B
moiety.
Due to its highly complex structure, most methods normally

applied to monitor the kinetics of polymer network formation
cannot be applied to paper substrates. To perform a study of
the cross-linking behavior, first a planar cellulose model surface
was prepared on a silicon wafer. To this, a solution of
microcrystalline cellulose in DMAc/LiCl was prepared and
spin-coated onto the wafer surfaces to yield a thin, planar film.
In that way, polymer network formation and the formation of
covalent bonds between cellulose and the applied copolymer
can be monitored with well-established thin film analytical
methods.
Cellulose model surfaces obtained by spin-coating from a 1

wt % solution of microcrystalline cellulose in DMAc/LiCl had
a thickness of about 20 nm ± 3 nm. XPS investigations before
and after washing the samples with deionized water
demonstrate that LiCl, which is present in the cellulose
solution, can be removed in the extraction process completely
(see Figure S1, Supporting Information). IR spectra of the

produced films (see Figure S2, Supporting Information)
exhibit absorption bands typical for cellulose21,22 with
adsorption bands at 3430, 2900, 1157, and 1067 cm−1
indicating the presence of crystalline and amorphous regions in
the cellulose model surface. The AFM measurements (see
Figure S3, Supporting Information) show no preferential
orientation of the crystals and that the surfaces obtained were
rather smooth with a root-mean-square surface roughness of
about 4 nm (measured on a square of 1 μm × 1 μm).23,24

Finally, the advancing contact angle of the cellulose films was
determined to be 36° ± 2°. For all samples, the receding angles
were determined to be 0° as there is always a water layer left
on areas previously covered by the aqueous droplet. The
characterization data of the model surfaces were all in
agreement with the results of Eriksson, who followed a similar
procedure.23

To demonstrate the chemical compatibility between the
CHic-able copolymers and cellulose and in order to monitor
polymer network formation, gel content measurements were
carried out on cellulose model surfaces similar to polymer
network formation on the surface of a silicon substrate.14,25 In
Figure 2, such gel content experiments are shown for both the

p(DMAA-5%-MAz) and p(DMAA-5%-PEDAz) polymers. The
copolymers were cross-linked in an oven either at 160 °C or
130 °C, depending on the respective polymer. The activation
temperatures were chosen according to the half-life time of the
cross-linkers.13 For both copolymers, cross-linking is fast and
full gelation can be reached in less than 10 min heating time. It
should be noted that in control experiments where copolymers
are employed without cross-linker units, the copolymer is
largely washed away during the extraction step. Since the diazo
copolymers stay completely attached to the cellulose surface
during the extraction step, it is concluded that covalent bonds
are formed between the polymer network and the cellulose
substrate as a result of the CHic reaction.

Copolymer Attachment to Cotton Linter Paper. The
cross-linking behavior of DMAA-copolymers to paper was
investigated via fluorescence microscopy. The experiment is
designed in a way to obtain results analogous to the gel content
experiments described above. To evaluate the cross-linking
performance and polymer attachment to the cellulose fibers,

Figure 2. Gel content experiments of p(DMAA-5%-MAz) and
p(DMAA-5%-PEDAz) on a cellulose model surface. The copolymers
were cross-linked in the oven at 160 and 130 °C, respectively.
Polymer films of about 100 nm were produced via dip-coating from a
polymer solution in CHCl3 (20 mg·mL−1) and a dip-coating speed of
100 mm•min−1. Unbound polymer was washed away via Soxhlet
extraction in EtOH. The solid lines are a guide to the eye.
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the amount of polymer in the paper was measured via
fluorescence microscopy. p(DMAA-5%-MAz-AmS-RhoB) or
p(DMAA-5%-PEDAz-AEMA-RhoB) was applied to paper
through a soaking process from a solution in ethanol and
drying at ambient conditions. After drying, the paper samples
were cross-linked in the oven, and the fluorescence was
measured. Afterward, the samples were thoroughly washed via
Soxhlet extraction in ethanol, and the fluorescence was
measured again. The ratio between fluorescence before and
after the washing process is evaluated from analyzing the mean
gray values of the fluorescence images (eq 1). Note, the

applicability of fluorescence microscopy analysis to quantify
the amount of covalently bound polymers to paper fibers has
been shown in previous studies.26,27 Figure 3 shows the relative
fluorescence of samples prepared in the same way after varying
activation times. It can be seen that after a few minutes of
induction period, the amount of polymer in the sample
increases strongly and goes into saturation after a longer
heating time.
More results of fluorescence experiments for samples

prepared at different temperatures and using two polymers,
which can be activated in two different temperature windows,

Figure 3. Fluorescence images of Roth15A paper modified with p(DMAA-5%-MAz-AmS-RhoB), cross-linked in the oven at various times, and
washed via Soxhlet extraction in ethanol. Fluorescence images are taken with a pixel depth of 16-bit, and the minima and maxima of the look up
table were set to 2500 and 35,000, respectively. Calculated relative fluorescence data from the mean gray value of the images are shown in the
graph.

Figure 4. Fluorescence measurements of copolymer immobilization at paper surfaces. (a) p(DMAA-5%-MAz-AmS-RhoB) attached to the Roth
15A filter paper after heating to temperatures between 150 and 170 °C. (b) p(DMAA-5%-PEDAz-AEMA-RhoB) attached to cotton linter paper
(grammage = 80 g·m−2) thermally between 110 and 160 °C. The polymer was introduced to the paper via soaking the particular polymer solution
from EtOH (20 mg·mL−1). Unbound polymer was removed via Soxhlet extraction in EtOH. Data are normalized.
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are shown in Figure 4. Additional gravimetric experiments
under controlled conditions at 23 °C and 50% RH were in
good agreement with the fluorescence data and confirmed that
the amount of the attached polymer reached over 90% of the
deposited material (see Figure S6, Supporting Information).
For the experiments shown in Figure 4a, a p(DMAA-5%-MAz-
AmS-RhoB) copolymer was attached to the standard filter
paper at temperatures between 150 and 170 °C. As expected,
increasing the reaction temperature leads to a faster copolymer
attachment. A comparison to the gel content experiment on
cellulose model surfaces, as shown in Figure 2, reveals that the
polymer attachment to paper is a little slower compared to full
gelation of a polymer film on a flat silicon substrate. The
reason for this is likely that while heat transfer through the
silicon wafer is very fast, paper is a poor thermal conductor and
the thermal contact of slightly wavy paper to the hot substrate
is also probably less. Therefore, the paper samples need more
time to heat up to the required cross-linking temperature.
The relative fluorescence of a p(DMAA-5%-PEDAz-AEMA-

RhoB) copolymer cross-linked thermally at temperatures
between 110 and 160 °C is shown in Figure 4b. Here,
essentially the same trends are observed as described for the
MAz-copolymer; however, much lower temperatures are
sufficient to achieve polymer immobilization. If applied in
the same temperature window as p(DMAA-co-MAz), p-
(DMAA-co-PEDAz) is quantitatively attached in less than 5
min. Slightly lower error bars for p(DMAA-co-MAz) compared
to p(DMAA-co-PEDAz) indicate the abovementioned higher
thermal stability during polymer storage and processing and
thus easier handling.
Copolymer Distribution. For a better understanding of

the modification process, the spatial distribution after the

modification with the copolymer is investigated via CLSM.26,28

For this purpose, a rhodamine B fluorophore was introduced
during polymer synthesis through addition of RhoBMA as a
third monomer in the polymerization solution, additionally to
DMAA and the cross-linker. The cellulose fibers were
fluorescently labeled through modification with Calcofluor
White in order to be able to visualize the fibers and compare
them to the signal obtained from the copolymer. Calcofluor
White was chosen for staining as it is known to have a high
binding capacity toward polysaccharides and was applied for
cellulose staining before.29,30 The sample was measured in oil
with a magnification of 40×, and a z-stack was collected with a
slice thickness of 0.45 μm. Results for the eucalyptus sulfate
paper modified with p(DMAA-3%-PEDAz-0.25% RhoBMA)
are shown in Figure 5. A comparison between the z-stack of
the stained cellulose fibers (Figure 5a) and the signal of the
rhodamine B moiety incorporated into the polymer (Figure
5b) reveals that both channels look nearly identical. Hence, it
is concluded that the copolymer is homogeneously distributed
all over the cellulose fibers. The overlay of images from the
Calcofluor White and rhodamine B signals (Figure 5c)
confirms that the polymer adsorbs directly on/in the fiber
and does not accumulate in the free space between fibers or at
fiber−fiber crossings.
Additionally, the same modified paper samples were

embedded in an epoxy-resin to cut thin cross sections that
are analyzed by confocal microscopy. This procedure allows
additional insights into the spatial polymer distribution inside
and around the cellulose fiber wall, as shown in Figure 6.
Again, the cellulose fibers are made visible through labeling
with Calcofluor White (Figure 6a) in order to compare them
to the polymer signal. While the majority of the fibers is cut

Figure 5. CLSM images of the eucalyptus sulfate paper modified with p(DMAA-3%-PEDAz-RhoBMA). (a) Cellulose fibers stained with Calcofluor
White, excited at 405 nm. (b) Channel displaying p(DMAA-3%-PEDAz-RhoBMA), excited at 561 nm. (c) Overlay of channel (a,b). Images were
measured in oil at a magnification of 40× and a slice thickness of 0.45 μm. The data are visualized with Imaris 5.5 and displayed in the blend mode.
Edge length = 213.8 μm.

Figure 6. CLSM cross-sectional images of an embedded paper sample, with the fluorescently labeled p(DMAA-3%-PEDAz) applied out of H2O.
The images show the cellulose fibers stained by Calcofluor White (a), rhodamine B-labeled p(DMAA-3%-PEDAz) (b), and an overlay of the
images (a,b) (c). Each inset shows a magnification to highlight the spatial distribution of the copolymer across the fiber width, especially inside the
fiber wall. Some fibers with polymer inside the fiber wall or lumen are highlighted with a white circle.
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perpendicular to the fiber direction, some fibers are cut along
the fiber direction. Excitation at 561 nm (rhodamine B
channel) (Figure 6b) demonstrates that the copolymer is not
only adsorbed on the outside of the fiber wall but also inside
the lumen and the cell wall. The overlay in Figure 6c helps to
locate the position of the copolymer inside the fibers. Out of
many fibers, few with a high amount of polymer inside the
lumen are highlighted with a white circle. The fiber highlighted
in the insets is a representative example for a high polymer
content in the fiber wall.
Tensile Properties. For mechanical characterization, the

tensile properties of eucalyptus sulfate papers modified with
p(DMAA-3%-MAz) or p(DMAA-3%-PEDAz) were measured
in the dry and wet state. To this, modified eucalyptus sulfate
paper samples were prepared by a procedure described
earlier.11,27 In brief, the paper samples were cut into strips of
1.5 × 12 cm and soaked with an aqueous polymer solution (c =
30 mg·mL−1). The samples were dried, cross-linked by heating
to the appropriate temperature for the desired period of time,
and unbound polymer was extracted from the samples with
water. The weight of the samples was determined gravimetri-
cally after each step to gain information about the copolymer
content in the paper and cross-link efficiency of the process.
Detailed gravimetric data are given in Supporting Information
(see Table S2). For both copolymers, the relative amount of
polymer bound to the paper by the thermally induced cross-
linking is about 90%. The rest of the polymer is washed out
during the extraction procedures. The absolute amount of the
polymer in the paper was in a range of about 10 wt % in
relation to the dry paper weight. Tensile measurements for
p(DMAA-3%-MAz) and p(DMAA-3%-PEDAz) are shown in
Figure 7. Already for the dry tensile indices, a noticeable

influence of the attached copolymer can be observed, resulting
in a doubling of the dry index for p(DMAA-co-MAz)-modified
samples and a fourfold increase of the dry index for p(DMAA-
co-PEDAz)-modified samples in comparison to the unmodified
reference samples. For the wet strength indices, the influence
of the polymer modification is even more significant, leading to
an increase of a factor of 30 times and 50 times for p(DMAA-
co-MAz) and p(DMAA-co-PEDAz), respectively, compared to
the unmodified reference. As the wet tensile indices increase
considerably stronger compared to the dry tensile indices, the
relative wet strength, which is calculated from the ratio

between the tensile indices of wet and dry samples (see eq 2),
increases from about 3% for the unmodified paper up to the
high wet strength of over 30%. In order to compare our wet
strengthening copolymers with technological standards, an
eucalyptus paper sample was modified with a PAE resin
(Giluton 20XP) through impregnation and subsequent thermal
cross-linking at 93 °C for 10 min. Compared to the unmodified
reference, the resulting wet tensile index was significantly
increased to values of 4.2 Nm·g−1. However, in direct
comparison with the here described cross-linked DMAA-
copolymers, we observed lower values for the wet tensile index.
Enhancing the amount of applied PAE resins from 4.8 to 22 wt
% does not yield in a significant higher wet strength. Details of
these reference studies can be found in Supporting Information
(see Table S3 and S4). Note, in technical applications, PAE is
commonly applied to the pulp suspension prior to paper sheet
formation. Application via impregnation, as performed in this
work, was to provide a consistent procedure between the
DMAA-copolymers and the PAE resin. In future work, the new
CHic-based resins will be applied directly to the pulp
suspension and a more thorough comparison to industrially
established resins will be conducted.
Finally, when the wet tensile indices between paper samples

reinforced with p(DMAA-co-PEDAz) and p(DMAA-co-MAz)
polymers are compared, one needs to take into account the
difference in the number of cross-linker units per chain as the
consequence of the varying molecular weights of the two
copolymers. The Mn of p(DMAA-co-PEDAz) (Mn = 64 kg·
mol−1) was higher compared to the one of p(DMAA-co-MAz)
(Mn = 31 kg·mol−1). A polymer chain with a mass of 31 kDa
and a cross-linker content of 3% has an average of nine cross-
linker units per chain. Accordingly, even if the p(DMAA-3%-
MAz) copolymer is sufficiently cross-linked to achieve a nearly
full attachment (∼90%) to the paper, the cross-link density of
the network is still relatively low. Therefore, it swells to a
higher degree if brought into contact with water and
consequently leads to a lower wet tensile index compared to
the samples modified with the higher molecular-weight
copolymer p(DMAA-3%-PEDAz). We are aware that cross-
linking times and temperatures applied in this work are still
higher compared to applied PAE in our reference measure-
ments and higher when compared to technological drying
temperatures and times at typical running speed of paper
machines. However, especially the aromatic unit of the PEDAz
cross-linker offers a variety of potential chemical modifications
(e.g., introducing donor or acceptor groups) in order to tune
the activation temperature and cross-linking times. Future
work will therefore focus on the development of new diazo-
cross-linkers based on the PEDAz structure with the aim for
further optimization of the activation conditions, and if
successful, lowering the cross-linking times to values suitable
for large volume technological applications.

■ CONCLUSIONS
Diazoester group containing copolymers applied to paper or
other cellulose material represent a new chemical tool to
improve the wet strength of paper. The activation of the diazo
groups allows us to induce thermally triggered CHic reactions
and simultaneously cross-link the material and achieve covalent
binding of the polymers to the cellulose chains. By adjusting
the composition of the substituents of the diazogroups (i.e.,
phenyl vs ester groups), wet strength agents with varying
activation temperatures can be generated allowing a variation

Figure 7. Tensile indices and relative wet strength of modified
eucalyptus sulfate paper samples (grammage = 80 g·m−2). From left to
right: modified with p(DMAA-3%-MAz) (11.7 wt %), cross-linked
thermally at 160 °C for 40 min; modified with p(DMAA-3%-PEDAz)
(11.9 wt %), cross-linked thermally at 130 °C for 40 min; unmodified
reference sample; and modified with PAE (Giluton 20XP) (4.8 wt %).

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.1c00249
Biomacromolecules 2021, 22, 2864−2873

2871





of the process conditions. This has an important influence not
only on the required energy input but also on the long-term
stability of the non-cross-linked prepolymer. CLSM reveals a
homogeneous spatial polymer distribution over the cellulose
fibers and inside the cellulose fiber wall. The binding of the
polymers to the cellulose chains has a strong impact on the wet
strength of paper. In the initial experiments, a wet strength of
over 30% with respect to the dry strength was achieved with
wet strength indices of up to about 12 Nm·g−1 which means
that the wet strength of the modified paper is up to 50 times
higher compared to the unmodified paper. As has been shown,
these compare favorably to common wet strength agents used
in the papermaking industry today and/or procedures
described in the literature. In contrast to wet strength additives
which are state-of-the art today, the CHic-approach described
here employs only high molecular weight, purified polymers, so
that no hazardous low-molecular-weight components are left in
the paper, which is an inherent insecurity in the case of
formaldehyde resins. Additionally, compared to PAE resins, no
halogenated organic compounds are involved in the paper-
making process and no cationic polymers are employed,
rendering the Chic-based process potentially environmentally
benign. In further experimental series, it will be elucidated how
much wet strength agent needs to be added to achieve a
sufficient wet strength and also under which process conditions
larger volumes of paper can be coated.
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(25) Körner, M.; Prucker, O.; Rühe, J. Kinetics of the Generation of
Surface-Attached Polymer Networks through C, H-Insertion Re-
actions. Macromolecules 2016, 49, 2438−2447.
(26) Bump, S.; Böhm, A.; Babel, L.; Wendenburg, S.; Carstens, F.;
Schabel, S.; Biesalski, M.; Meckel, T. Spatial, Spectral, Radiometric,
and Temporal Analysis of Polymer-Modified Paper Substrates Using
Fluorescence Microscopy. Cellulose 2015, 22, 73−88.
(27) Böhm, A.; Gattermayer, M.; Trieb, C.; Schabel, S.; Fiedler, D.;
Miletzky, F.; Biesalski, M. Photo-Attaching Functional Polymers to
Cellulose Fibers for the Design of Chemically Modified Paper.
Cellulose 2013, 20, 467−483.
(28) Janko, M.; Jocher, M.; Boehm, A.; Babel, L.; Bump, S.;
Biesalski, M.; Meckel, T.; Stark, R. W. Cross-Linking Cellulosic Fibers
with Photoreactive Polymers: Visualization with Confocal Raman and
Fluorescence Microscopy. Biomacromolecules 2015, 16, 2179−2187.
(29) Herth, W.; Schnepf, E. The Fluorochrome, Calcofluor White,
Binds Oriented to Structural Polysaccharide Fibrils. Protoplasma
1980, 105, 129−133.

(30) Bidhendi, A. J.; Chebli, Y.; Geitmann, A. Fluorescence
Visualization of Cellulose and Pectin in the Primary Plant Cell
Wall. J. Microsc. 2020, 278, 164−181.

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.1c00249
Biomacromolecules 2021, 22, 2864−2873

2873





      
   

           
             
               
             
          
              
             
      

              
                
            
          
              
               
            
         
             
            
            
             
           
          
             
          
              
               
              
          
           
            
           
          
           
          
           





   
            
          

            
         
            
         
         
           
          
             
             
            
             
          
            
          
           
             
             
              
               
               
             
          
              
              
            
              
             
           
           
              
            
            
             
          
             
           





               
            
        

           
             
               
                
                
           
           
           

           
             
    
           
          
             
           

           
             
           
             
              
                
              
              
             
           
            
             
             
              
                
           
        
            
            
              





             
          
           
  
            
           
         

             
            
          
        
   

        

            
         

             
        
             





Biomimetics 2023, 8, 43. https://doi.org/10.3390/biomimetics8010043 www.mdpi.com/journal/biomimetics

Article

Chemical Gradients in Polymer-Modified Paper Sheets—
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Abstract: Biomimetic actuators are typically constructed as functional bi- or multilayers, where ac-
tuating and resistance layers together dictate bending responses upon triggering by environmental 
stimuli. Inspired by motile plant structures, like the stems of the false rose of Jericho (Selaginella 
lepidophylla), we introduce polymer-modified paper sheets that can act as soft robotic single-layer 
actuators capable of hygro-responsive bending reactions. A tailored gradient modification of the 
paper sheet along its thickness entails increased dry and wet tensile strength and allows at the same 
time for hygro-responsiveness. For the fabrication of such single-layer paper devices, the adsorption 
behavior of a cross-linkable polymer to cellulose fiber networks was first evaluated. By using dif-
ferent concentrations and drying procedures fine-tuned polymer gradients throughout the thick-
ness can be achieved. Due to the covalent cross-linking of polymer with fibers, these paper samples 
possess significantly increased dry and wet tensile strength properties. We furthermore investigated 
these gradient papers with respect to a mechanical deflection during humidity cycling. The highest 
humidity sensitivity is achieved using eucalyptus paper with a grammage of 150 g m−2 modified 
with the polymer dissolved in IPA (~13 wt%) possessing a polymer gradient. Our study presents a 
straightforward approach for the design of novel hygroscopic, paper-based single-layer actuators, 
which have a high potential for diverse soft robotic and sensor applications.

Keywords: cellulose; fiber; sheet; polymer adsorption; humidity actuated devices; directed 
transport; wet strength; biomimetics

1. Introduction
During recent years, a variety of biomimetic, self-sufficient, and functionally robust 

actuators have been developed for applications in, e.g., soft robotics, medicine, and archi-
tecture (reviewed by [1,2]). They are based on an interplay of several material layers, 
which react differentially to environmental stimuli such as changes in humidity. By this, 
they represent functional analogies to natural actuators such as pinecones, which open 
when it is dry (entailing seed dispersal by wind) and close when it is wet (thereby keeping 
the seeds safe). This behavior of the cones is rendered possible by the differential swelling 
and shrinking properties of the functionally relevant tissue layers inside the individual 
pinecone scales [3,4]. The mentioned biomimetic compliant mechanisms, which function 
without the need for typical hinges as otherwise found in rigid-body-mechanisms [5], can 
be constructed from a multitude of different natural and/or technical materials systems 
(reviewed by [6]).

In this context, paper materials offer a variety of benefits as they are fully recyclable 
and originate from biogenic polymeric resources. Due to its nature, paper can be used as 
a versatile platform for a variety of applications, such as microfluidic devices like lateral 
flow assays for the rapid detection of different molecules in analytes [7,8], devices for 
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sensing strain, gas, and humidity [9,10], and self-actuated devices that are driven by 
changes in temperature, light, or humidity [11,12]. Most of these soft robotic devices are 
fabricated by modifying the paper with, e.g., stimuli-responsive polymers, small mole-
cules, or inorganic particles in order to achieve the desired properties [13]. Techniques 
that are commonly used for fabrication include printing, handwriting, coating, impregna-
tion, precipitation, and grafting polymerization. However, studies where paper is used as 
an integral, motion-inducing, and influencing part of the soft robot and not only as a car-
rier and/or substrate are very rare [14–16].

The mechanical properties, in particular the wet strength, are important parameters 
for humidity-actuated devices. Combining spatially resolved multifunctional modifica-
tions in the paper that lead to self-actuation properties and at the same time increase the 
wet strength would be highly beneficial but have not been reported to the best of our 
knowledge yet.

Dry and wet strength agents are commonly applied in the wet end of industrial paper 
making, i.e., mixed with the fiber pulp suspension before the fibers are laid down in a 
non-woven fashion. Here, the amount of additive can be controlled by adjusting the con-
centration of the additive in the feed [17]. The development of the dry tensile strength of 
paper with an increasing amount of added cationic polyacrylamide (CPAM) in the wet 
end is a well-studied phenomenon that can be described with a saturation curve (see, e.g., 
[18]). The spatial distribution of CPAM in the fiber network and the fibers themselves and 
the resulting tensile properties have been investigated on macroscopic and microscopic 
scales [19,20]. It was observed that CPAM added in the wet end (internal application) or 
by impregnation (external application) was homogeneously distributed throughout the 
paper thickness. However, for the single- and double-sided coatings, CPAM is only en-
riched at the top surface or both at the top and the bottom surfaces, respectively, with less 
in the bulk. The dry tensile properties also varied with the application procedure, showing 
a plateau for the wet end application, as described above. Remarkably, the same plateau 
was not observed for impregnation or the application by coating, where the tensile index 
values increased throughout the whole investigated range of CPAM addition. For the 
widely used wet strength agent polyamidoamine epichlorohydrin (PAE), similar satura-
tion curves and plateauing wet tensile values were found in a number of studies, e.g., [21–
23]. Obokata and Isogai [21] investigated the internal and external addition of PAE to pa-
per samples but were unable to observe any differences in wet tensile strengths, which, 
however, might be attributable to their small sample size. Attempts have been made to 
study the spatial distribution of PAE in paper sheets; however, these were constrained by 
spatial resolution due to the use of FT-IR spectroscopic imaging [24] or transmitted light 
microscopy [25]. Therefore, the focus was primarily on the spatial distribution on the mac-
roscopic scale until now.

The diffusion of macromolecules inside the pores of cellulosic fibers has been studied 
extensively and is regarded as quite complex [18,26–28]. However, uncharged polymers 
have not been the focus of these studies. Horvath et al. [29] showed that the adsorption 
kinetics of native (uncharged) dextran is significantly influenced by the molecular weight. 
Furthermore, they conclude that, as the diffusion of polymers in a porous medium is gov-
erned by a reptation-like process, this dependence can be explained by hydrodynamic 
interactions of macromolecules with the pore wall. Hoffmann et al. [26] investigated the 
adsorption of the uncharged cellulose derivative methyl hydroxyethyl cellulose (MHEC) 
into samples of unmodified cotton (fibers) and found relatively little adsorption in com-
parison to macromolecules with multiple cationic or anionic charges. One possible expla-
nation mentioned in their work is that the MHEC adsorption is impacted primarily by 
hydrogen bonding and hydrophobic interactions, while the adsorption of charged macro-
molecules is governed by electrostatic interactions and the release of counterions in the 
(charged) cellulosic material.

Recently, the fabrication of Janus-type paper with fine-tuned silica gradients across 
the paper thickness was reported [30]. The gradients were achieved by utilizing a thermal 
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drying step with directed evaporation. Based on these findings it can be assumed that the 
adsorption of an uncharged polymer in solution in a fiber network can be controlled by 
adjusting the application parameters. By precisely choosing the temperature and concen-
tration during application, the transport of the solvent and the adsorbent can be controlled 
and distinct gradients throughout the paper thickness achieved. Any modification of pa-
per fibers, and in particular if fibers are being cross-linked as discussed above, can change 
the mechanical properties of the resulting material. The tensile properties of inhomogene-
ously distributed strength additives; however, have only been the focus of a few studies 
(see [19,20]). However, for any development of soft robotic single-layer paper devices that 
exhibit humidity-activated deflection, thereby mimicking systems from nature, it is of ut-
most importance to also investigate and understand how gradient modification of paper 
sheets affects the tensile properties.

In our previous study [31] we showed that the spatial distribution of an uncharged 
photo-cross-linkable copolymer is significantly influenced by the choice of solvent used 
in the modification step. This was mainly attributed to the different abilities of the solvents 
to swell cellulose fibers, as reported by [32]. Furthermore, the tensile properties also dif-
fered depending on the spatial distribution. This copolymer system opens the possibility 
to gain more insight into the mechanisms of the adsorption and transport of uncharged 
macromolecules inside a fiber network, which has, to the best of our knowledge, not been 
the focus of previous studies.

In the present contribution, we extend our previous findings by assessing the adsorp-
tion dynamics of the photo-cross-linkable copolymer. For this, eucalyptus paper samples 
were modified with the copolymer from solutions of H2O and isopropanol (IPA) with dif-
ferent concentrations, afterward assessing the macroscopic spatial distribution through-
out the thickness of the samples. Additionally, freeze-drying was used to analyze the 
transport of the polymer in the fiber network during drying. The dry and wet tensile prop-
erties of the modified paper samples were analyzed, compared, and discussed. Finally, 
the first attempts were made to construct a paper-based single-layer actuation device that
shows stimuli-responsive behavior in changing relative humidity environments. A model 
is proposed that explains the observations and enables the prediction of the behavior of 
(specifically) designed single-layer paper actuators in the future.

2. Materials and Methods
2.1. Materials

The chemicals and solvents used were purchased from Merck, Alfa Aesar, Al-
berdingk Boley, Fisher Scientific, Fluka, Covestro, and TIB Chemicals, respectively. Unless 
otherwise specified, they were used as received. For sample modification by impregnation 
and the extraction procedure pure distilled water was used, which is denoted as H2O in 
the following.

2.2. Copolymer Synthesis
The two photo-cross-linking copolymers poly(dimethylacrylamide-co-4-benzo-

ylphenyl-2-methacrylate-co-rhodamineB-methacrylic acid (P(DMAA-co-MABP-co-
RhBMA)) and poly(dimethylacrylamide-co-4-benzoylphenyl-2-methacrylate (P(DMAA-
co-MABP)) were synthesized according to our previous work [31]. In brief, the monomers 
4-benzoylphenyl methacrylate (MABP) and rhodamine B methacrylamide (RhBMa) were 
prepared according to literature and subsequently copolymerized with the matrix mono-
mer N,N-dimethylacrylamide (DMAA). 1H-NMR (see Figure S1 for supporting infor-
mation) was used to analyze the chemical structure and estimate the ratio of the mono-
mers, which was observed to be about 97.7 mol% of the matrix DMAA, and 2.3 mol% of 
MABP and RhBMA, respectively.

The molar mass was analyzed by size exclusion chromatography (SEC) with a GRAM 
VS/GRAM linear 10 HS/100 µL (DMF 0.002 LiCl) column and a narrowly dispersed 
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poly(methyl methacrylate) standard. This analysis showed that the copolymer had a num-
ber average molecular weight of around Mn = 31,000 g mol−1 (Đ ~ 5.7). The copolymer was 
stored inside a plastic container in a refrigerator at 6 °C until further use.

2.3. Model Paper Handsheet Preparation
Hand sheets for testing and modification were lab-engineered using bleached euca-

lyptus sulfate pulp (median fiber length (length-weighted): 0.76 mm; curl: 15.9%; fibrilla-
tion degree: 5.1%; fines content: 9.1%). The paper samples having a grammage of 80 ± 1.6, 
150 ± 3.0 and 200 ± 4.0 g m−2, respectively, were prepared using a Rapid–Köthen sheet 
former according to DIN 54358 and ISO 5269/2 (REF: ISO 5269-2:2004(E), Pulps—Prepa-
ration of Laboratory Sheets for Physical Testing—Part 2: Rapid Köthen method, 2004.) In 
order to prevent any influence on the physical properties other than that of the copolymer, 
no additives or filler materials were used. Prior to impregnation, the paper was condi-
tioned for at least 24 h under standard conditions (23 °C, 50% r.h.).

2.4. Impregnation of Paper Samples with Copolymer
The copolymer application by impregnation of paper samples was described in our 

previous work [31]. In brief, the paper samples (120 × 15 mm) were individually weighed 
before the procedure (m_before), impregnated in the copolymer solution with the desired 
concentration and solvent (dist. H2O (H2O) or isopropanol (IPA)) dried overnight, pressed 
to achieve flat samples, illuminated by UV-light (Newport 1000W Oriel Flood Exposure 
Source, λ = 365 nm; energy density E = 16 J cm−2), extracted with cold H2O, dried overnight 
and pressed again, before being acclimated under climate-controlled conditions (23 °C 
and 50% r.h.). After tensile testing, the torn samples were dried in an oven at 120 °C over-
night and stored under climate-controlled conditions for a minimum of 7 days. Afterward,
the weight of each paper sample was determined individually (m_after) and the adsorbed 
amount of copolymer in relation to the weight of the unmodified paper samples was de-
termined:

, (1)

In order to analyze the copolymer transport during drying, paper samples (15 × 15
mm) were impregnated in copolymer solutions of two different solvents, H2O and IPA 
with concentrations of 3.9 mg mL−1 and 17 mg mL−1, respectively. After impregnation, the 
samples were freeze-dried in l. N2 to stop the drying process after varying times. Freeze-
drying of H2O-impregnated paper samples was carried out in a commercial freeze dryer 
(Christ Martin Alpha 1-2 LD (Christ, Osterode, Germany). In contrast, IPA-impregnated 
samples were freeze-dried in a flask under a strong vacuum (p < 10−3 mbar) cooled with l.
N2 from the outside. After freeze-drying, the samples were treated according to the pro-
cedure described above after the impregnation and drying step.

2.5. Characterization of Modified Paper Sheets by Fluorescence Confocal Laser Scanning 
Microscopy

The preparation of paper samples for fluorescence confocal laser scanning micros-
copy (CLSM) was done in accordance with our previous work [31]. In brief, paper sheets 
were stained in a 100 µM aqueous Fluorescent Brightener 28 (FB) solution for ten minutes, 
consecutively washed in H2O and dried overnight. Embedding was carried out using a 
commercially available polyurethane system consisting of an aliphatic polyisocyanate 
(Desmodur N3200), a polyol (Albodur 956), and a catalyst (TIB Kat 318) in a ratio of 1:1:5
× 10−4. After a few vacuum cycles at room temperature, the embedded samples were cured 
overnight and consecutively cut into about 100 µm slices using a microtome. By embed-
ding paper samples and analyzing their cross-section, axial resolution loss is avoided. In 
addition, the contribution of scatter to the final image quality is greatly reduced. This tech-
nique has been used to analyze the spatial modification of paper and the functionalization 
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of fiber surfaces, where details can be found in recent publications [30,31,33,34]. Confocal 
recordings were taken with a Leica TCS SP8 (Leica Microsystems, Mannheim, Germany).

2.6. Characterization of Modified Paper Sheets by Tensile Strength Analysis
The physical properties of the paper samples in the dry and wet state were deter-

mined as an average of at least five samples according to DIN ISO 1924-2 with a Zwick 
Z1.0 with a 1 kN and 20 N load cell, respectively, using the software testXpert II V3.71 
(ZwickRoell GmbH & Co. Kg, Ulm, Germany) in a controlled environment with 23 °C and 
50% rel. humidity. For wet tensile strength analysis, the paper samples were submerged 
in H2O for at least five minutes, after which the excess water was removed by sandwiching 
between tissue paper, prior to testing analogously. The paper formation industry is using 
the relative wet strength as an important value, which can be calculated according to this 
equation:

, (2)

The definition of the dry/wet tensile index is shown in the following equation:

, (3)

Here, Fmax is the maximum force at the break in N, b is the width of the sample in m, 
and the grammage of the paper is given in g m−2.

2.7. Actuation Experiments
Paper samples (120 × 15 mm) of high grammage, namely 150 (~280 µm) and 200 g m-2

(~350 µm), were impregnated with the copolymer dissolved in H2O (34 mg mL−1) and IPA 
(48 mg mL−1) for 1 min. Afterward, the H2O-impregnated samples were put on a Teflon
plate and dried in an oven at 120 °C for 0.5 h. The IPA-impregnated samples were dried
lying flat on a Teflon surface without additional heating. After drying the samples were 
treated in analogy to the procedure described above. These paper samples were subse-
quently analyzed regarding their actuation behavior in different relative humidity envi-
ronments.

In Figure 1, the self-built climate box with humidity control (SolGelWay) is shown 
that was used for the humidity actuation experiments. A consumer camera (Canon EOS 
600D) was used to capture images of the samples at varying humidity and rulers for the 
evaluation of the deflection. In order to rule out any effects of gravity on the deflection, 
the paper samples were fixed on one end, standing upright during the experiments.
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Figure 1. (a) Schematic and simplified sketch of the humidity chamber with the inlet and outlet of 
the air and a paper sample fixed with a clamp, standing upright in the chamber during humidity 
actuation experiments; (b) chamber built out of PMMA panels, connected to a humidity controller.

3. Results and Discussion
3.1. Influence of Concentration and Solvent of Copolymer-Solution in Paper Samples on the 
Copolymer Distribution

First, we investigated the influence of different concentrations of the copolymer so-
lutions from H2O and IPA on the amount of cross-linked copolymer and the resulting 
spatial distribution inside the paper samples. For this, a wide range of concentrations was 
used to impregnate paper sheets with the photo-cross-linkable copolymer out of H2O and 
IPA. For each concentration, the amount of deposited copolymer in the samples was meas-
ured gravimetrically and the spatial distribution was analyzed via CLSM.

Figure 2 depicts the relative mass increase of the model paper sheets as a function of 
the concentration and the chemical structure of the copolymer, respectively. The concen-
tration of the dip-coating polymer was chosen between 5 and 55 mg mL−1. Higher concen-
trations were not studied due to the otherwise resulting high viscosities. With both sol-
vents used, the increase in mass followed a linear relation with increasing polymer con-
centration, regardless of the solvent used. The observed linear trends are in agreement 
with previous studies by [35], who observed a linear relationship when impregnating pa-
per samples with PMMA solutions of different concentrations (out of tetrahydrofuran as 
coating solvent).

However, we also observed that the amount of adsorbed polymer was slightly higher 
once water was used as a solvent in comparison to IPA. These slight differences in relative 
weight gain may be explained by the significantly different ability of the solvents to swell 
cellulose fibers, alluded to earlier. Using a gravimetric approach, El Seoud et al. [32]
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determined quantitative values, which show that H2O (~62.7%) has a significantly higher 
swelling ability compared to IPA (~4.7%). Therefore, the overall volume taken up by the 
paper sheet during impregnation is slightly higher in water. Impregnating paper samples 
out of aqueous copolymer solutions thus leads to a significantly higher uptake of the so-
lution and a higher amount of copolymer that can be adsorbed and cross-linked. The latter 
thus explains the higher values of relative mass uptake in such samples as shown in Figure 
2.

Figure 2. Gravimetrically determined amount of copolymer (compared to the paper dry weight) 
plotted against the concentration of the copolymer solution used for impregnating the paper sam-
ples out of H2O (blue squares) and IPA (pink triangles), respectively. The schematic structure of the 
used copolymer poly(dimethylacrylamide-co-4-benzoylphenyl-2-methacrylate-co-rhodamine B-
methacrylic acid (P(DMAA-co-MABP-co-RhBMA)) is shown as an inset.

Next, we investigated the spatial distribution of the polymer-impregnated and cross-
linked paper samples by cross-section analysis via CLSM. In Figures 3 and 4 the embed-
ded and cut paper samples modified with different amounts of the fiber-cross-linked co-
polymer by impregnation from H2O and IPA are shown, respectively. Qualitatively, it 
seems that a homogeneous copolymer distribution over the z-axis was achievable only at 
high enough concentrations of the copolymer solution. For the lowest concentrations the 
majority of the fluorescence signal, indicating the copolymer, was observed in the periph-
ery of the paper samples close to their surfaces. More specifically, the side of the paper 
facing upwards during the drying and UV-excitation step of the modification procedure 
exhibits higher amounts of copolymer if compared to the opposite side. If the concentra-
tion of the polymer-concentration was increased, this effect vanishes leading to a more 
homogeneous distribution of the copolymer throughout the samples. Note, the latter was 
observed regardless of the solvent used in the impregnation step.
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Figure 3. Cross-sections of paper samples modified with the photo-cross-linkable copolymer dis-
solved in H2O at different concentrations as indicated, acquired by fluorescence CLSM. The fibers 
are stained with Fluorescent Brightener 28 (FB, cyan color) and the copolymer fluoresces due to the 
rhodamine B label (magenta). The left side of the images corresponds to the side that was facing 
upwards during the drying and UV-excitation of samples. The z-distribution of the copolymer flu-
orescence is shown above each cross-section. For easier comparison, the corresponding concentra-
tions of polymer solutions and the gravimetrically determined amount of copolymer are also noted: 
4.6 mg mL−1, 1.1 wt% (a); 20.2 mg mL−1, 5.3 wt% (b); 29.9 mg mL−1, 8.3 wt% (c); 50 mg mL−1, 15.1 wt% 
(d). 

Figure 4. Cross-sections of paper samples modified with the photo-cross-linkable copolymer dis-
solved in IPA at different concentrations as indicated, acquired by fluorescence CLSM. The fibers 
are stained with FB (cyan color) and the copolymer fluoresces due to the rhodamine B label (ma-
genta). The left side of the images corresponds to the side that was facing upwards during drying 
and UV-excitation of samples. The z-distribution of the copolymer fluorescence is shown above each 
cross-section. For easier comparison, the corresponding concentrations of polymer solutions and the 
gravimetrically determined amount of copolymer are also noted: 5.3 mg mL−1, 0 wt% (a); 18.4 mg
mL−1, 1.9 wt% (b); 28.2 mg mL−1, 5 wt% (c); 55.6 mg mL−1, 15.0 wt% (d).
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Taking a closer look at the CLSM data, the gradient in polymer distribution along the 
z-axis was significantly more pronounced for IPA-modified samples when compared to 
water-impregnated samples. It was observed that at the lowest concentration (see Figure
4a) the adsorption of copolymer basically only took place on the upward-facing side of 
the paper (left side of images). Increasing the concentration yields a sandwich-like poly-
mer distribution with small amounts of the macromolecules being observed in the middle 
of the paper and the majority of the fluorescence in close vicinity to the surfaces of the 
sheets. The H2O-impregnated samples showed a similar distribution of copolymer at the 
lowest concentration (see Figure 3a), where transport phenomena influence the final dep-
osition of the macromolecules. However, increasing the concentration led to a signifi-
cantly more homogeneous distribution compared to the IPA-modified samples.

In order to understand this finding in more detail, we analyzed and compared the
gravimetrically determined amount of copolymer in the respective samples. As we dis-
cussed earlier, the uptake and cross-linking of the polymer inside a paper sheet are
slightly higher when an aqueous solution is used, compared to a solution where the pol-
ymer is dissolved in IPA. Thus, it is impossible to compare the spatial distribution of pol-
ymer inside two paper samples impregnated with solutions of equal polymer concentra-
tions using different solvents. However, the determined amount of copolymer can be used 
for the comparison. For easier comparison, the CLSM images in Figures 3 and 4 state the 
concentration of the used polymer solution, as well as the gravimetrically determined 
amount of polymer in the paper samples. Comparing the CLSM data of paper samples, it 
becomes apparent that the polymer distribution in the z-direction, indicated by the fluo-
rescence of the copolymer (seen in magenta color), is comparable for similar polymer 
amounts.

Taking a closer look at the microscopic distribution of polymer in the fibers in Figures 
S2 and S3, a couple of interesting observations can be made. If the polymer was applied 
from H2O, the macromolecules were able to completely diffuse into the fibers, fiber walls,
and lumen, respectively, leading to a homogeneous distribution of the fiber-bound poly-
mers. If the copolymer was applied from IPA, the macromolecules seem to have only dif-
fused into the macropores of the fiber network, leading to accumulation at the fiber–fiber-
crossings. Occasionally, the copolymer was observed in the fiber lumen. Note that this 
qualitative finding has recently been reported in one of our previous studies [31]. The 
differences in the accessibility of polymer inside the fibers can be explained by a variety 
of factors. The lumen can be accessed through nanopores in the fiber walls, pit holes/open-
ings in the µm-range, and either side of the fibers that could be cut open [36–38], which is 
also significantly influenced by the solvent-dependent fiber swelling [32,39]. Furthermore, 
the higher vapor pressure of IPA leads to faster evaporation, explaining the polymer ac-
cumulations between adjacent fibers, which are cross-linked at these sites after drying.

The importance of the transport phenomena of materials and a thermal drying step 
combined with directed evaporation of the impregnation solvent on the outcome of the 
impregnation of paper sheets has recently been reported by [30]. Paper samples were 
chemically modified with a silica-coating out of an ethanol–water-based solution of tetra-
ethoxysilane (TEOS) using different drying protocols. Using a vacuum oven they ob-
served very fast evaporation of the solvent, yielding a pronounced gradient across the z-
axis with little amounts of fiber-attached silica in the center of the sheet and most of the 
silica adsorbing at both sides of the sheet. Depending on the concentration of the TEOS 
used, this gradient could even be fine-tuned. If the solvent is evaporated preferably at one 
side of the sheet, transport to this surface finally yields a gradient with low amounts of 
the fiber-attached polymer at the opposite side. Comparing our results presented here, we 
do observe some interesting similarities.

Apparently, the copolymer was transported within the paper sheet during the drying 
phase, which affected the resulting z-distribution of fiber-attached macromolecules after 
cross-linking. Considering the significantly higher vapor pressure of IPA and therefore 
faster evaporation compared to H2O, the pronounced shift of copolymer to the paper sheet 
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surfaces can be explained. The observations furthermore indicate that the copolymer in 
solution does not appear to have interacted (electrostatically) with the molecular structure 
of the cellulose fibers in an attractive fashion (i.e., without having measured, we suspect 
a rather low enthalpy of adsorption), which would have affected the migration inside the 
paper sample. As shown by Wågberg and coworkers [29,40] electrostatic interactions be-
tween cellulose fibers and polymer molecules affect the spatial adsorption on the surface 
or throughout the fiber wall to a large extent. Attractive forces between the polymer and 
the cellulose fibers would have led to the adsorption of the macromolecules on/in the fi-
bers, where they first came into sufficient contact. Reptation of the macromolecules after 
first adsorption has been observed for polyelectrolytes in cellulose fibers [29]; however, 
this is rather unlikely on the small timescales investigated here.

The effect of particle/chain size/molecular weight of the additive and the pore size 
distribution of the fibers must be taken into account due to possible size exclusion effects. 
Based on the determination of the hydrodynamic radii of the copolymer in H2O and IPA 
in combination with turbidity measurements, this effect could be ruled out, as shown in 
detail in our previous work [31]. In brief, an aqueous copolymer solution showed signifi-
cant clouding even at the lowest concentration (5 mg mL−1) above 36 °C, while the dis-
solved copolymer in IPA showed no turbidity even at the highest concentration tested (45
mg mL−1) over a wide temperature range (5–50 °C). This led to the assumption that a size 
exclusion effect, which was of particular interest in the case of the IPA-dissolved copoly-
mer, cannot explain the inhomogeneous distribution of the copolymer in the fiber net-
work.

3.2. Drying-Induced Transport of the Copolymer in the Fiber Network
To investigate the transport of the polymer during drying, paper samples were im-

pregnated with the copolymer out of the two solvents H2O and IPA, respectively. The 
concentrations of the solutions have been chosen in a way that yielded similar amounts of 
polymer in the paper samples after the modification. In detail, the concentration of the 
aqueous solution was 3.9 mg mL−1 (~1.1 wt%) and the concentration of the IPA-solution 
was 17 mg mL−1 (~1.9 wt%), respectively. The drying times after impregnation were varied 
before freeze-drying the samples in order to stop the evaporation. By that, the transport 
process was stopped before reaching an equilibrium state. By varying the drying times 
before freeze-drying and analyzing the distribution of the polymer in the thickness direc-
tion of the paper samples, the transport kinetics of the polymer throughout the fiber net-
work was analyzed.

In Figures 5 and 6 cross-sections of the impregnated paper samples analyzed by 
CLSM and the corresponding relative distribution of copolymer can be seen. In paper 
samples that were freeze-dried instantly after impregnation, the copolymer was distrib-
uted homogeneously throughout the paper thickness, regardless of which solvent had 
been used. With increasing drying times before freeze-drying the copolymer fluorescence 
was shifted towards the periphery of the samples. This effect was significantly faster for 
IPA compared to H2O-impregnation. After complete drying, the copolymer could only be 
observed at the periphery of the paper samples, i.e., top and bottom surfaces of the sheet. 
For IPA-impregnation, a stronger shift of copolymer fluorescence to the top side during 
drying was observed.
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Figure 5. Cross-sections of paper samples modified with the photo-cross-linkable copolymer dis-
solved in H2O (3.9 mg mL−1), dried for different times (0 min (a); 30 min (b); 45 min (c); 7 h (d)) before 
freeze-drying to stop the evaporation (i.e., transport of the copolymer), acquired by fluorescence 
CLSM. The fibers are stained with FB (cyan color, outline continued) and the copolymer fluoresces 
due to the rhodamine B label (magenta). The left side of the images corresponds to the side that was 
facing upwards during the drying and UV-excitation of samples. The z-distribution of the copoly-
mer fluorescence is shown above each cross-section.

Figure 6. Cross-sections of paper samples modified with the photo-cross-linkable copolymer dis-
solved in IPA (17 mg mL−1), dried for different times (0 min (a); 2 min (b); 4 min (c); overnight (d)) 
before freeze-drying to stop the evaporation (i.e., transport of the copolymer), acquired by fluores-
cence CLSM. The fibers are stained with FB (cyan color, outline continued) and the copolymer flu-
oresces due to the rhodamine B label (magenta). The left side of the images corresponds to the side 
that was facing upwards during the drying and UV-excitation of samples. The z-distribution of the 
copolymer fluorescence is shown above each cross-section. For easier comparison, the correspond-
ing drying times are also noted.

The results show that the copolymer was penetrating the whole paper sheet imme-
diately after impregnation, regardless of the solvent used. During evaporation (i.e., 
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drying) the polymer solution was transported from the bulk of the paper towards the top 
and bottom side, where the respective solvent was able to leave the paper by evaporation 
[41]. The transport process apparently has a significant impact on the copolymer deposi-
tion as well since the copolymer does not interact strongly with the cellulose fibers, i.e., 
the adsorption enthalpy is presumably not high enough to render the macromolecules in 
an adsorbed state during drying (i.e., transport) of the solvent. Hence, no retention was 
observed, confirming the previous observation. The latter behavior finally determines the 
distribution in the z-direction of the sheet. These findings underpin the results and inter-
pretations of our previous experiments, where it was shown that the spatial distribution 
of polymer across the paper thickness is strongly dependent on the used solvent and the 
concentration of the solution used for impregnation [31].

Intuitively, IPA possessing significantly higher vapor pressure, thus evaporating 
faster, also shows a faster transport of copolymer to the periphery. For the complete range 
of CLSM analysis of all drying times, the reader is referred to Figures S4 and S5.

3.3. Different Drying Procedures to Achieve Designed Gradients in Paper Thickness
The results of the before discussed observations open the possibility to design paper 

samples with defined gradients of covalently fiber-attached polymer throughout the pa-
per sheet thickness by adjusting the drying procedure. By using high temperatures and a 
solid surface on which the samples lie during drying, it should be possible to guide the 
transport of the polymer chains to one side. For this, paper samples of high grammage, 
namely 150 and 200 g m−2, were impregnated with the copolymer dissolved in H2O (34 mg
mL−1) and IPA (48 mg mL−1) for 1 min. Afterward, the H2O-impregnated samples were put 
on a Teflon plate and dried in an oven at 120 °C for 0.5 h. The IPA-impregnated samples 
were dried lying flat on a Teflon surface without additional heating. After drying the sam-
ples were treated in analogy to the procedure described above.

In Figure 7 cross-sections of the impregnated paper samples prepared by CLSM and 
the corresponding distribution of copolymer through the thickness of the sheets can be 
seen. Using the modified drying procedure, significant copolymer gradients to the top 
side could be achieved for both solvents. However, using IPA the gradients appeared sig-
nificantly more pronounced, which was readily observable in the representation of the 
copolymer profile within the thickness direction. The observed polymer distribution in 
the thickness direction of the paper samples exemplifies the ability to design gradients by 
choosing a specific drying procedure.

Figure 7. Cross-sections of paper samples with different grammages modified with the photo-cross-
linkable copolymer dissolved in H2O (34 mg mL−1) dried in an oven at 120 °C on Teflon-plates (150 
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g m−2 (a); 200 g m−2 (b)), and dissolved in IPA (48 mg mL−1) dried on Teflon-plates at r.t. (150 g m−2

(c); 200 g m−2 (d)), acquired by fluorescence CLSM. The fibers are stained with FB (cyan color, outline 
continued) and the copolymer fluoresces due to the rhodamine B label (magenta). The left side of 
the images corresponds to the side that was facing upwards during drying and UV-excitation of 
samples. The z-distribution of the copolymer fluorescence is shown above each cross-section.

Figure 8 shows a schematic representation of a proposed model that is able to explain 
the experimentally observed spatial distribution of polymer inside fiber networks. In the 
first part of Figure 8a the proposed spatial distribution of the copolymer after impregna-
tion during the different steps of drying is depicted. Directly after impregnation, and prior 
to transport and drying, the copolymer macromolecules are distributed homogeneously 
throughout the whole paper thickness, which was also observed experimentally (see Fig-
ures 5 and 6, respectively). After impregnation, the samples were dried at climate-con-
trolled conditions (23 °C, 50% r.h.). Drying on a sieve with Teflon yarn allowed for con-
vection and drying from both paper surfaces, however, the airflow under the sieve was 
limited. This led to an asymmetrical drying profile that is depicted and which has been 
observed experimentally by analyzing the copolymer distribution. During drying, the co-
polymer solution has been consecutively transported to the surfaces of the paper sample, 
where the solvent could evaporate. The copolymer subsequently precipitated, ultimately 
determining the copolymer distribution across the paper sheet thickness.

Figure 8. Model representation of a drying-induced transport in paper samples impregnated with 
copolymer solutions possessing different concentrations under various drying conditions, based on 
our conceptual understanding and the conducted experiments. For the cross-sections prepared by 
fluorescent CLSM the fibers are stained with FB (cyan color, outline continued) and the copolymer 
fluoresces due to the rhodamine B label (magenta).Upon impregnation the macromolecules are dis-
tributed homogeneously throughout the paper sample before being transported towards the sur-
faces during drying (a); conceptual representation at low (b) or high (c) polymer concentrations 
during impregnation and drying; combination of high concentration, increased temperature and 
limited drying (d). 
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As our results suggest, there was no indication that the copolymer is interacting in 
an attractive fashion with the cellulose fibers. Instead, adsorption took place spontane-
ously upon the removal of the solvent (see Figures 5 and 6). Without attractive interac-
tions, one cannot assume similarities for the adsorption process analogous to the adsorp-
tion of charged macromolecules to cellulose fibers studied numerous times, showing ad-
sorption isotherms until saturation is reached [18,26–28].

For both, low and high copolymer concentrations in the impregnation solution, the 
proposed model for the copolymer transport is depicted in Figure 8b,c, respectively. At 
low polymer concentration (b) before drying, the polymer is distributed homogeneously 
and during drying transported and accumulated at the surfaces of the paper sample. In-
creasing the copolymer concentration in the solution (Figure 8c) led to an increasingly 
homogeneous distribution of copolymer after drying (see Figures 3 and 4). This can be 
explained by the viscosity of the polymer solution. The force acting against the transport 
along the drying-induced mass transport of solvent is the fluid friction, which is also 
known as viscous drag. With increasing polymer concentration, the viscosity of the solu-
tion and thus the fluid friction increases. This has been shown by [42] for aqueous solu-
tions of poly(N,N-diethylacrylamide), which shows molecular similarities and ther-
moresponsivity (lower critical solution temperature) to poly(N,N-dimethylacrylamide) 
used in this study. At low concentrations the drying-induced mass transport is strong 
enough to overcome this friction. However, by increasing the concentration above a cer-
tain level, the friction exceeds the force of drying-induced transport. This hinders the pol-
ymer to be (fully) transported to the surfaces, and thus leads to earlier precipitation in the 
bulk of the network on the fiber surface. This led to an increasingly homogeneous distri-
bution throughout the thickness as experimentally observed in Figures 3 and 4. However, 
the distribution was not as homogeneous for the samples impregnated with IPA solutions 
compared to aqueous ones. This can be explained by the significantly different dissolution 
behavior of the polymer chains in the two solvents, as indicated by previous turbidity 
measurements [31].

A similar observation was made by [43] who observed the transport of aqueous so-
lutions of methylhydroxyethylcellulose (MHEC) in a packed bed consisting of glass beads 
during drying. By conducting drying experiments and consecutive TGA analysis, they 
showed that the distribution shows a gradient increasing towards the top at increased 
concentrations of MHEC. This was explained by the increased viscosity of the MHEC so-
lution inhibiting the transport to the top surface. At lower concentrations, they observed 
enrichment of the MHEC on the surface, which is analogous to the observations of the 
experimental results of this study.

In Figure 8d the model proposes the creation of sharp gradients across the thickness 
of paper samples at higher drying temperatures. High viscosity and therefore friction 
forces can be overcome by accelerating the mass transport of the solvent due to the in-
creased temperature. Combining high drying temperature with drying on a Teflon plate 
allows the control of transport to only one side, because the evaporation to the bottom 
side is restricted. The resulting distribution of polymer for paper samples at higher paper 
grammages and polymer concentrations can be seen in Figure 7, even though at temper-
atures above the LCST the viscosity is significantly increased [42]. Interestingly, for IPA-
impregnated samples, this could be achieved by restricting the drying direction at room 
temperature without increasing the temperature. This is another indicator for the pro-
posed significant differences in the dissolution behavior of the copolymer in the two used 
solvents. Apparently, the copolymer dissolved in IPA precipitated at a significantly later 
stage during drying compared to aqueous solutions, thus allowing for further transporta-
tion towards the surfaces of paper samples even at higher concentrations.

Experiments to determine the adsorption characteristics of a labeled polyvinylamine 
polymer, that is positively charged at a neutral pH [44], showed a significantly different 
spatial distribution across the z-axis of impregnated paper sheets. In the cross-sectional 
images shown in Figure S6 the fluorescently labeled polyvinylamine can be observed 
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homogeneously distributed across the whole thickness of the paper sheet, regardless of 
the drying time. Compared to the impregnation with the neutral photo cross-linkable co-
polymer, this observation points toward different adsorption and transport phenomena 
during drying. The cationically charged polyvinylamine was interacting in an attractive 
fashion with the cellulose fibers and due to unfavorable enthalpic change for desorption 
remained in an adsorbed state. Thus, the polyvinylamine was not transported to the sur-
face of the impregnated paper samples during drying, in contrast to the photo-cross-link-
able copolymer used. This has also been observed for paper sheets impregnated with 
CPAM, confirming the hypothesis that the charge and the attractive interactions prohibit 
transport during drying [20].

This work shows that by carefully choosing the procedure during impregnation and 
especially drying, directed transport of the polymer in the fiber network can be achieved. 
This opens up the possibility to design samples where the polymer is mainly located close 
to one or both sides of the paper surface or distributed homogeneously throughout the 
thickness.

3.4. Influence of Copolymer Gradients on the Tensile Properties
After having analyzed the spatial distribution of the copolymer applied to the paper 

samples by different strategies, we furthermore studied the influence of the distribution 
on the tensile properties of these samples. In analogy to the experiments conducted before, 
the solvents used were H2O and IPA and the concentrations of the solutions and therefore 
the amount of polymer in the paper samples was varied.

Figure 9a,b shows the dry and wet tensile index as a function of the amount of copol-
ymer in paper samples relative to the paper fiber weight. The model sheets were impreg-
nated from H2O and IPA with varying concentrations, as described before. Figure S7 fur-
thermore shows the calculated values for the relative wet strength.

If the photoreactive polymer was applied from H2O, both dry and wet tensile indices 
showed an almost linear increase with increasing concentration of covalently bound co-
polymer in the paper samples (blue squares). The dry tensile index increased from about 
10 Nm g−1 (0 wt% polymer added relative to paper fiber mass) to about 53 Nm g−1 if ~15
wt% polymer is added and cross-linked in the sheet. At the same time, the wet tensile 
index increased from about 0.2 to about 12 Nm g−1. The latter corresponds to ~23% relative 
wet strength (see Figure S7). Similarly, if the polymer was applied from IPA the dry tensile 
index increased almost linearly with an increasing amount of added polymer to about 64
Nm g−1. Compared to the application from H2O, the resulting dry tensile index was higher 
when impregnation was carried out from IPA, while the wet tensile index was signifi-
cantly lower, which can be observed over the entire range of concentrations used here. 
Similar observations were made for a single and distinct concentration of cross-linked 
polymer in the sheet [31]. This work does not focus on the distribution of polymer on a 
single fiber level and the influence on the resulting wet strength of the samples. Therefore, 
the interested reader is referred to our previous work.
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Figure 9. Dry (a) and wet (b) tensile index values of paper samples impregnated with copolymer 
solutions of varying concentrations and the two solvents H2O (blue squares) and IPA (peach trian-
gles), respectively. As a point of reference, three tensile index values of pure reference eucalyptus 
paper (reference paper), and paper samples that were treated in analogy to the copolymer applica-
tion, but without any polymer, in the solvents used for the initial swelling step with H2O (RefSw—
H2O) and IPA (RefSw—IPA), respectively. (c) Schematic representation of a paper sheet during ten-
sile testing, focusing on the “quasi-layers” of fiber–fiber bonds in the z-direction. The paper was 
sectioned into five layers in the thickness direction, in order to keep the image uncluttered.

Comparing the CLSM-images (see Figures 3, 4, S2, and S3) with the tensile measure-
ments outlined before, it becomes apparent that strengthening of the samples took place, 
even if the copolymer was not distributed homogeneously throughout the whole paper 
thickness. This behavior can be explained by taking a closer look at the fiber network and 
the mechanism of failure (see Figure 9c). From a macroscopic view, a fiber network that 
is strained in one direction (y-axis) fails perpendicular (x-axis) to the loading direction. If 
the network would consist of one layer of fibers, every point of fiber-fiber interaction 
along the width of the network (x-axis) would have to fail before the whole sample would 
rupture. Since paper consists of multiple layers, depending on the basis weight/gram-
mage, for complete rupture of the paper sample every one of these layers (z-axis) has to 
fail along the width of the network. Taking this into consideration, it becomes clear how 
even a thin continuous copolymer layer can lead to a significant strengthening of the pa-
per samples, provided that there are no major “defects” or inhomogeneities present in this 
layer. With increasing polymer amount throughout the paper, the force before failure for 
the thicker copolymer layer will scale, as can be seen in the linear trend of the tensile val-
ues (see Figure 9). Similar results were reported for paper samples strengthened with the 
dry strength agent CPAM, applied by different methods, leading to inhomogeneous dis-
tribution throughout the thickness [20].

The analysis conducted here shows that the tensile properties of paper are mainly 
influenced by the amount of added photo-reactive copolymer rather than the macroscopic 
distribution across the thickness. While the wet tensile strength of paper samples impreg-
nated with the copolymer from IPA was significantly lower compared to using aqueous 
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solutions, it was nevertheless significantly increased compared to an unmodified paper 
sheet (0.17 to 1.32 Nm g−1). Therefore, both procedures led to paper samples with increased 
wet strength, which have been evaluated as humidity-responsive actuation devices.

3.5. Paper Actuator Demonstration
With the possibility to prepare wet strengthened paper samples with defined copol-

ymer gradients across the thickness direction in situ, the ability of said samples to act as 
humidity-responsive actuators was evaluated. For this, high-grammage eucalyptus paper 
samples (150 g m−2) were prepared and subsequently modified with the copolymer from 
H2O (35 mg mL−1) and IPA (48 mg mL−1) with a modified drying procedure. The spatial 
distribution of the copolymer throughout these samples has already been shown in Figure 
7a,c. The samples were fixed on one end inside a box, where the humidity was varied (see 
Figure 1) and a camera was used to observe the deflection of the samples.

Figure 10 shows the paper samples modified via the above-mentioned procedure, 
with their sides facing upwards during modification (polymer-modified “layer”) pointing 
toward the lower part of the images. Varying the humidity, significant deflection up- or 
downwards can be seen and analyzed semi-quantitatively using the scale incorporated in 
the images.

The relative humidity was varied from 90% to 20% to 90% for each sample. In the 
beginning, the samples were positioned horizontally in the chamber, in analogy to the 
orientation seen in Figure 1. The first deflection at 90% r.h. occurred towards the modified 
“layer” of the samples (lower part of images) and was 12 mm and 6 mm for the H2O- and 
IPA-impregnated samples, respectively. Reducing the humidity in the chamber led to 
more pronounced deflection reaching a maximum at 20% r.h. of 21 mm and 41 mm for 
the H2O- and IPA-impregnated samples, respectively. Comparing the change of deflection 
from high to low humidity, a higher responsivity was observed for the IPA-modified sam-
ples (35 mm), compared to the H2O-impregnated samples (9 mm). Paper samples without 
any modification showed no significant deflection, confirming the influence of the modi-
fication, as can be seen in Figure S8. Further experiments were conducted where the paper 
sample location in the PMMA box with controlled humidity was changed, to rule out any 
effects the airflow could have on the deflection. During these control experiments, the 
same observation regarding the deflection in the direction of the modified paper side was 
made.
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Figure 10. First humidity cycle showing the deflection of the humidity-responsive paper samples 
(eucalyptus 150 g m−2) with copolymer applied from (a) H2O and (b) IPA, polymer modified “layer” 
pointing down, in the closed chamber with semi-quantitative analysis of the change of deflection. 
After each humidity change, the samples were acclimated for 2 h to reach equilibrium.

Since the IPA-modified samples showed significantly higher responsivity, these sam-
ples were further analyzed over multiple days with varying humidity (humidity curve in 
Figure S9). The evaluated deflections are plotted against the time in Figure 11.

Figure 11. Deflection of a humidity-responsive paper sample (eucalyptus 150 g m−2 with copolymer 
from IPA) during changing r.h. over time. After each humidity change, the samples were acclimated 
for 2 h to reach equilibrium.
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During the first cycle, the paper sample showed deflection from 6 mm to 41 mm to 
16 mm changing the humidity from 90% to 20% to 90% r.h., respectively. The observed 
maximum delta of deflection during this was 35 mm. With further cycles (full range of 
images in Figure S10) the deflection at 90% r.h. increased incrementally (from 6 to 32 mm), 
the maximum deflection at 50% r.h. stayed roughly the same and the deflection at 20%
r.h. reduced slightly (from 41 to 37 mm). This resulted in decreasing delta values for de-
flection (from 35 to 5 mm).

The observed deflection can be explained by the observed gradient of the copolymer 
in the z-direction of the paper samples already shown in Figure 7. This has an effect on 
the hygroexpansion of the fiber network, which can basically be seen as a functional bi-
layer, with an unmodified and a modified “layer”. These layers can also be described as 
the “active” and “passive” resistance layer, as suggested by [45]. In an unmodified sheet 
of paper, an increase in humidity leads to the adsorption of moisture from the surround-
ing air until an equilibrium is reached. Decreasing the relative humidity leads to the con-
secutive desorption of water. It is reported that the moisture adsorption isotherm for pa-
per has the shape of an S-curve and shows hysteresis effects [46]. In order to get a better 
understanding of the humidity–responsive behavior of the samples in this study, it is im-
portant to know how the morphology of cellulose fibers changes during water adsorption 
and desorption and what factors can affect these changes. Single fibers show a higher ex-
pansion in the transverse than in the longitudinal direction, leading to anisotropic swell-
ing. This swelling results in significant dimensional changes also known as hygroexpan-
sion in the thickness of paper sheets and to a lower degree in the in-plane direction. In-
plane hygroexpansion is more important when discussing the deflection of the actuators 
prepared herein. Values for hygroexpansion in the plane of paper sheets without addi-
tives have been reported to be around 0.5% to 0.9% for free and restrained dried paper 
[47–49].

Impregnating the paper with the cross-linked PDMAA copolymer dissolved in IPA 
led to the polymer being distributed as relatively large agglomerates in the fiber network 
(see Figure S3). It behaved like a hydrogel, thus being able to adsorb and desorb moisture, 
which resulted in swelling and shrinking, as has been shown for thin surface-attached 
films of the copolymer [50].

During the deflection experiments, the samples were first subjected to 90% r.h. before 
the humidity was lowered to 20% r.h. In the first adsorption cycle, the paper samples ad-
sorbed moisture, though the adsorbed mass differed significantly for the unmodified 
(+14.14/+12.90 wt%) resistance “layer” and the polymer modified (+18.14/+16.74 wt%) ac-
tive “layer”, as observed by dynamic vapor sorption measurements (see Figure S11 and 
Table S3). Assuming that the adsorption of moisture also leads to significant dimensional 
changes of the “layers”, a significant deflection away from the active copolymer layer (im-
age top side) would be expected, though this was not the case here. This counterintuitive 
observation can be explained by considering all forces/stresses acting on the paper actua-
tor, which are schematically shown in Figure 12.
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Figure 12. Schematic representation of the forces acting upon the single-layer paper actuator during 
copolymer impregnation, drying, pressing and upon exposing it to different relative humidity re-
gimes. The forces represent the drying-induced residual stresses (Fd) after impregnation and the 
forces resulting from dissimilar hygroexpansion of the unmodified resistance “layer” and the co-
polymer-modified active “layer” of paper due to the swelling (Fs) and compaction (Fc) of the active 
layer.

From the above results, we postulate a hypothesis regarding the actuation scenarios 
and stress states of the paper-based material system: During the drying of the paper sam-
ple after impregnation in the copolymer solution, the solvent is transported to the surface, 
where it evaporates. This gradient of moisture during drying leads to forces acting in the 
fiber network ultimately resulting in residual stress (Fd) in the paper sample; however,
they are not observable macroscopically. This is in analogy to the description of moisture-
induced deformation of paper sheets [51]. By photo-cross-linking the copolymer in the 
fiber network, this stress is irreversibly “programmed” into the fiber network. Before the 
samples are used as actuators they are pressed, to obtain relatively flat samples.

Upon an increase of humidity from 50% to 90% r.h. a slight deflection in the direction 
of the active “layer” (bottom image side) is observed. This can be explained by comparing 
the two acting forces of swelling hydrogel (Fs) of the bottom layer and the force resulting 
from drying stress (Fd). These forces are similar in their magnitude, leading to a slight 
deflection during adsorption. During the change from 90% to 50% and finally to 20% r.h. 
the layers desorb moisture. In the case of the hydrogel, this leads to a significantly larger 
compaction (Fc) of the layer compared to the unmodified resistance layer, together with 
the residual drying stress resulting in deflection towards the active layer (bottom image 
side). Upon the next adsorption step, both layers adsorb moisture, which leads to swelling 
(Fs), which is significantly larger for the active layer and results in the deflection of the 
actuator towards the resistance layer (top image side), i.e., towards its initial state. The 
force due to residual drying stress (Fd) acts against the deflection, inhibiting a complete 
return to the initial state of the actuator.

Although we lack a complete physical understanding as to why the deflection is at-
tenuated with each adsorption–desorption cycle, there are a couple of possible explana-
tions for this. Similar behavior of paper-based actuators has been reported earlier [15] and 
can be explained by the changes in paper morphology, e.g., by hornification that decreases 
the moisture content adsorption and thus the dimensional change with every cycle [47]. 
The decrease in moisture uptake during the adsorption cycle results in decreased hygro-
expansion (Fs) acting against the dried-in stress (Fd), therefore leading to less deflection. 
Furthermore, it is known that bending at high humidity leads to plastic deformation that 
could act against the swelling and deflection towards the initial state [51]. Another aspect 
is the hydrogel and the change of swelling properties after multiple swelling-drying cy-
cles. It is conceivable that the hydrogel will behave differently, and this has an effect on 
the behavior of the fiber network.

These first demonstrations show that it is possible to create humidity-responsive ac-
tuators out of a single sheet of paper, without the need to incorporate multiple layers of 
different materials that were necessary for stimuli-responsive actuation in previous stud-
ies [13,52]. We see clear advantages in such one-sheet functional bi- or even multi-“lay-
ers”: (1) The risk of delamination, which is otherwise a threat for layered actuators during 
deformation cycles (cf. [53]), should be drastically lowered; (2) the resulting compliant 
systems can be produced in a thinner and, thus, more light-weight fashion; and (3) the 
construction complexity (and potentially) costs are lower. Interestingly, this paper-based 
material system highlighted here is a functional analogy to hygroscopic plant structures 
where tissue material gradients in one functional layer (rather than layers of different tis-
sues) dictate differential hygro-actuated bending responses, like the stems of the false rose 
of Jericho (Selaginella lepidophylla) [54]. By smart compartmentalization of paper-based ac-
tuators, future approaches will presumably be capable of incorporating multiple actuator 
domains into one single-layered structure. Thereby, localized deformation sequences can 
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be achieved and harnessed, e.g., for a biomimetic transfer of complex edge actuation sce-
narios as known from petals of the blooming lily (Lilium spec.) [55]. Moreover, the versa-
tility of multi-layered motile plant structures should also be emphasized, since they can 
show a remarkable variety of reversible and repeatable motion sequences. A very good 
example of this is the pine cone, where four tissue types are involved in the hygroscopic 
motion and which have different functions by acting as a motor (sclereid cells), water bar-
rier, and transducer (epidermises, brown tissue, and sclerenchyma strands) and as re-
sistance layer with hydraulically switchable mechanical properties (sclerenchyma 
strands) [4]. This highlights the high potential for versatile biomimetic “motion program-
ming”.

4. Conclusions
The adsorption behavior of the photo-cross-linkable fluorescent copolymer 

P(DMAA-co-MABP-co-RhBMA) dissolved in the two solvents H2O and IPA to cellulose 
fiber sheets/network/paper was studied. The polymer concentration as well as the drying 
method were found to have profound effects on the spatial distribution. By utilizing these 
effects and precisely choosing the application parameters it was possible to achieve fine-
tuned polymer distribution gradients throughout the paper thickness. Drying on a Teflon 
plate restricts evaporation to one side of paper thus directing the transport of the polymer 
macromolecules in the fiber network. Tensile analysis of the modified paper sheets 
showed that a homogeneous distribution of cross-linked copolymer throughout the paper 
thickness isn’t necessary to enhance the dry and wet tensile index. Hence, our results show 
that it is more important to have a continuous layer without defects (in the plane of paper), 
rather than the layer spanning across the entire thickness of the sheet.

Such single layer paper sheets having gradients in fiber-attached polymers were 
proven to be interesting candidates for paper-based actuators driven by changes in hu-
midity, mimicking plant structures such as the false rose of Jericho (Selaginella lepi-
dophylla). Designing humidity-responsive actuators out of a single sheet of paper has sev-
eral advantages over multi-layered structures, reducing the risk of delamination, and of 
the design and construction complexity. Finally, we observed a strong hysteresis if multi-
ple deflection cycles were run. For an in-depth understanding of this behavior, possible 
reasons such as hornification, plastic deformation of the fiber network, as well as the pol-
ymer network will be addressed in follow-up studies.

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/biomimetics8010043/s1, Figure S1: Example of a 1H NMR 
spectrum taken from the photo-cross-linkable copolymer P(DMAA-co-MABP-RhBMA). The aro-
matic protons of the benzophenone group and the fluorescent rhodamine B group are not distin-
guishable and labelled together, shown with a red overlay; Figure S2: Cross-sections of paper sam-
ples modified with the photo-cross-linkable copolymer dissolved in d. H2O at different concentra-
tions, acquired by fluorescence CLSM. The fibers are stained with FB (cyan color) and the copolymer 
fluoresces due to the rhodamine B label (magenta). The top side of the images corresponds to the 
side that was facing upwards during drying and UV-excitation of samples. In addition, magnified 
insets are included to enable the analysis of polymer distribution across the fiber width and the 
lumen. Scale bars are 50 µm (large images) and 20 µm (small inserts), respectively. For easier com-
parison the corresponding concentrations of polymer solutions and the gravimetrically determined 
amount of copolymer is also noted; Figure S3: Cross-sections of paper samples modified with the 
photo-cross-linkable copolymer dissolved in IPA at different concentrations, acquired by fluores-
cence CLSM. The fibers are stained with FB (cyan color) and the copolymer fluoresces due to the 
rhodamine B label (magenta). The top side of the images corresponds to the side that was facing 
upwards during drying and UV-excitation of samples. In addition, magnified insets are included to 
enable the analysis of polymer distribution across the fiber width and the lumen. Scale bars are 50
µm (large images) and 20 µm (small inserts), respectively. For easier comparison the corresponding 
concentrations of polymer solutions and the gravimetrically determined amount of copolymer is 
also noted; Figure S4: Cross-sections of paper samples modified with the photo-cross-linkable co-
polymer dissolved in d. H2O (3.9 mg mL-1), dried for different times before freeze-drying to stop the 
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evaporation (i.e., transport of the copolymer), acquired by fluorescence CLSM. The fibers are stained 
with FB (cyan color, outline continued) and the copolymer fluoresces due to the rhodamine B label 
(magenta). The left side of the images corresponds to the side that was facing upwards during dry-
ing and UV-excitation of samples. The z-distribution of the copolymer fluorescence is shown above 
each cross-section. For easier comparison the corresponding drying times are also noted; Figure S5: 
Cross-sections of paper samples modified with the photo-cross-linkable copolymer dissolved in IPA 
(17 mg mL-1), dried for different times before freeze-drying to stop the evaporation (i.e., transport 
of the copolymer), acquired by fluorescence CLSM. The fibers are stained with FB (cyan color. out-
line continued) and the copolymer fluoresces due to the rhodamine B label (magenta). The left side 
of the images corresponds to the side that was facing upwards during drying and UV-excitation of 
samples. The z-distribution of the copolymer fluorescence is shown above each cross-section. For 
easier comparison the corresponding drying times are also noted; Figure S6: Cross-sections of paper 
samples modified with the fluorescently labelled poly vinyl amine dissolved in d. H2O (5 mg mL-1), 
dried on a Teflon sieve at ambient conditions for different times before freeze-drying to stop the 
evaporation (i.e., transport of the polymer), acquired by fluorescence CLSM. The fibers are stained 
with FB (cyan color) and the polymer fluoresces due to the rhodamine B label (magenta). The left 
side of the images corresponds to the side that was facing upwards during drying of samples; Figure 
S7: Relative wet strength values of paper samples impregnated with copolymer solutions of varying 
concentrations and the two solvents H2O (blue squares) and IPA (peach triangles), respectively. As 
a point of reference, three tensile index values of pure reference eucalyptus paper (reference paper), 
and paper samples that were treated in analogy to the copolymer application, but without any pol-
ymer, in the solvents used for the initial swelling step with H2O (RefSw – H2O) and IPA (RefSw –
IPA), respectively; Figure S8: Paper sample without any modification inside the humidity controlled 
PMMA-box at 90 and 20 % r.h., respectively, where no significant deflection is observable; Figure 
S9: Relative humidity curve during the actuation experiment over multiple adsorption and desorp-
tion cycles. The measured humidity in the PMMA box at every desorption cycle reached ~20 % r.h.; 
Figure S10: Full range of humidity cycles showing the deflection of the humidity-responsive paper 
sample in the closed chamber with semi-quantitative analysis of the deflection change. After each 
humidity change, the samples were acclimated for 2 h to reach equilibrium; Figure S11: Dynamic 
vapor sorption measurements of eucalypt sulphate paper with 100 g/m² unmodified and modified 
with the copolymer applied out of IPA, respectively; Table S1: Copolymer concentration of aqueous 
solutions used for impregnating paper samples and the gravimetrically determined amount of co-
polymer, in relation to the dry paper weight; Table S2: Copolymer concentration of IPA-solutions 
used for impregnating paper samples and the gravimetrically determined amount of copolymer, in 
relation to the dry paper weight; Table S3: Dynamic vapor sorption measurement results of eucalypt 
sulphate paper with 100 g/m² unmodified and modified with the copolymer applied out of IPA, 
respectively. 
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Abstract Paper materials are well-known to be

hydrophilic unless chemical and mechanical process-

ing treatments are undertaken. The relative humidity

impacts the fiber elasticity, the interfiber joint behav-

ior and the failure mechanism. In this work, we present

a comprehensive experimental and computational

study on mechanical properties of the fiber and the

fiber network under humidity influence. The manually

extracted cellulose fiber is exposed to different levels

of humidity, and then mechanically characterized

using atomic force microscopy, which delivers the

humidity dependent longitudinal Young’s modulus.

We describe the relation and calibrate the data into an

exponential function, and the obtained relationship

allows calculation of fiber elastic modulus at any

humidity level. Moreover, by using confoncal laser

scanning microscopy, the coefficient of hygroscopic

expansion of the fibers is determined. We further

present a finite element model to simulate the defor-

mation and the failure of the fiber network. The model

includes the fiber anisotropy and the hygroscopic

expansion using the experimentally determined con-

stants, and further considers interfiber behavior and

debonding by using a humidity dependent cohesive

zone interface model. Simulations on exemplary fiber

network samples are performed to demonstrate the

influence of different aspects including relative

humidity and fiber-fiber bonding parameters on the

mechanical features, such as force-elongation curve,

strength and extensibility. Finally, we provide com-

putational insights for interfiber bond damage pattern

with respect to different humidity level as further

outlook.

Keywords Paper materials � Fiber network
simulation � Humidity influence � Strength of paper

Introduction

Cellulose-based fiber materials have been used for

decades as packing, printing media. Nowadays, they
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even have become popular as base material for

electronic and microfluidic devices on a small scale

(Gong and Sinton (2017), Shen et al. (2019), Schabel

and Biesalski (2019), Carstens et al. (2017)), and bio-

composite (Pantaloni et al. (2021), Regazzi et al.

(2019), Lee and Wang (2006)), due to their recycla-

bility to reduce pollution and save resources. As these

devices are often exposed to a humid environment,

their mechanical reliability and durability are often

constrained and need to be understood before being

used for massive application. The general understand-

ing is that mechanical properties of natural composite-

like paper-based materials are sensitive to the varia-

tion of relative humidity (RH). Salmen and Back

(1980) have reported how RH affects the overall

stiffness and tensile strength of the paper material.

Upon increasing moisture content at higher RH, paper

material starts to exhibit a ductile and more elastic

behavior, whereas upon drying the material becomes

more brittle. On the single fiber scale, moisture-

induced elasticity change of fibers from Douglas-Fir

latewood tracheids has been firstly investigated by

Kersavage (1973) in the early 1970s, then in recent

works by Ganser et al. (2014) and Czibula et al.

(2021), successfully applying an AFM-based charac-

terization method. In the former work, Kersavage

(1973) found the maximum elastic modulus at about

6 % moisture content with decreasing trend towards

higher moisture levels. This agrees with the later work,

observing a lower elastic modulus towards higher RH

levels. However, most of the literature investigating

the RH-dependent elastic property is based on ligno-

cellulosic fibers fromwood sources. But apart from the

source of fibers, the fiber-fiber bond strength plays a

crucial role for the load-bearing of paper materials.

The interfiber joint strength can be contributed by

different sources. While it is believed that hydrogen

bounds are the main factor holding paper together,

Hirn and Schennach (2015) have shown using AFM-

based method that other bonding mechanisms such as

interdifussion, Van der Walls forces and mechanical

interlocking or capillary bridges coexist. As for the RH

influence on the load bearing and failure mechanism of

the fiber joint, there are still unclear observations in the

literature regarding the dependency of the fiber joint

mechanical properties due to RH. Jajcinovic et al.

(2018) have shown that the strength of individual fiber

bonds increases upon exposure to high RH, where as

others have shown that the bond strength decreases.

Based on single fiber bond tests at different RH levels,

they have reported that the breaking load of individual

softwood fibers and fiber bonds displays a maximum

breaking load at 50 %RH, with the values showing a

decreasing trend towards higher or lower RH levels.

On the other hand, hardwood fibers show rather a

decreasing trend in breaking loads with increasing RH

levels. Besides the loss of bond strength and decrease

of elastic modulus, the swelling or hygroscopic

expansion, which describes the moisture uptake and

dimensional stability, also plays an important role in

RH sensitivity of the paper strength and extensibility.

Gamstedt (2016), Joffre et al. (2013), Neagu et al.

(2005) and Motamedian and Kulachenko (2019) have

reported that moisture adsorption due to humidity is

the key feature to the dimensional stability loss of the

cellulose-based paper structures. In order to improve

the moisture resistance and identifying controlling

parameters for engineering application, the underlying

mechanisms has been investigated by means of both

experimental mechanics and numerical modelling

techniques. Thereby moisture is typically charac-

terised either in terms of RH in the surrounding air or

the moisture content (relative moisture mass) in the

specimen itself. The two measurements are intimately

linked, and the relationship is characterised by the

dynamic vapour sorption isotherms. While the RH is

easily characterised by hygrometers in the ambient air,

the determination of moisture content needs to weight

the sample and compare it to its dry weight ( Gamstedt

(2016)). On the part of computational studies, a recent

literature review by Simon (2020) extensively sum-

marizes the numerical modelling approaches in study

of material behavior of paper and paperboard on

different scales. Fiber network simulation is usually

performed by means of direct simulation techniques,

where individual fibers are explicitly modelled, and

interfiber joint behavior studied by a cohesive zone

based modelling approach ( Borodulina et al. (2018),

Li et al. (2018)). However, in the mentioned works,

key RH influence factors as humidity dependent fiber

elasticity and fiber debonding models have not or not

sufficiently been included, which remain an open topic

for future research in the modelling studies. In the

present paper, we aimed to combine experimental and

numerical approaches to systematically unveil the RH

impact on mechanical properties of paper materials on

the fiber, and fiber network scale. Using atomic force

microscopy (AFM) and confoncal laser scanning
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(CLSM) microscopy, we firstly characterized the

humidity dependency of the fiber elastic modulus

and the hygroscopic expansion coefficient (HEC) of

manually extracted cellulose fibers from a finished

paper sheet. The determined humidity dependent

elastic modulus was then used as input for a

transversely isotropic fiber model for the finite

element simulations to study the force-elongation

behavior. Additionally, by proposing a humidity

dependent cohesive zone model of an exponential

form, the fiber network simulation addressed the

humidity dependent fiber-fiber contact bonding,

resolved by the finite element cohesive interface

elements. It allowed the simulation of the local

damage at individual fiber-fiber joints at different

RH levels. The force-elongation curves of the network

gave an implication on the overall mechanical behav-

ior. We particularly studied mechanical properties as

the tensile strength, the effective stiffness and the

extensibility. The micro-mechanical model was then

qualitatively compared with tensile test at paper sheet

level. Interfiber debonding pattern due to RH in

combination with RH-dependent fiber elasticity and

cohesive strength reduction were computationally

provided as further outlook.

Experimental methods

Fiber sample and bending test

For the bending experiments, the cellulose fibers were

manually extracted from a cotton Linters paper sheet

(median fiber length (length-weighted): 1.13 mm;

fiber width: 16.5 lm; curl: 12.87 %; fibrillation

degree: 1.64 %; fines content: 19.55 %; Crystallinity:

56.31 %). The sheet was prepared according to DIN

54358 and ISO 5269/2 (Rapid-Köthen process). The

extracted fiber was glued (Glue Essie Polish, Düssel-

dorf, Germany) on a 3D printed sample holder, which

supplied a fixed trench distance of 1 mm between the

two attachment points.Worth mentioning that the used

glue had not been soaked into the fibers as demon-

strated in our previous work (Auernhammer et al.

(2021)). AFM was then performed by using a Dimen-

sion ICON (Bruker, Santa Barbara, USA) to measure

static force-distance curves along the cellulose fiber

with a colloidal probe. The cantilever (RTESPA 525,

Bruker, Santa Barbara, USA) with the nominal spring

constant 200 N/m was modified with a 50 lm colloidal

probe (Glass-beads,Kisker Biotech GmbH & Co. KG,

Steinfurt, Germany) in diameters. All experiments

were done in a climate chamber at the AFM. Hence, it

was possible to vary the RH during the experiments.

The chosen RHwere 2%, 40%, 75% and 90%. As the

RH was adjusted, the fiber was exposed 45 minutes to

the environment before starting the measurements.

According to Jajcinovic et al. (2018), reaching a full

adsorption equilibrium, the fiber has be exposed at

least for 12 hours to the certain level RH. Therefore,

the measurements were carried while the fibers were

not yet fully equilibrated. But, to guarantee the

consistency between CLSM and AFM experiments

and to avoid drift problems in the AFM, we defined 45

minutes of ‘‘exposure time’’ as a feasible compromise

to balance effects from instrumental drift and slow

swelling processes. For each fiber at each RH level,

four different load levels with F = 500 nN, 1000 nN,

1500 nN, 2000 nNwere applied and deflections of nine

different segment points were evaluated.

Determination of humidity dependent Young’s

modulus

One extracted fiber sample is shown in Fig. 1a. The

fiber was glued at both ends. Apart from standard

bending experiments, we performed a scanning-like

bending test, as we applied the load along the fiber

length direction as illustrated in the sub-figure (e).

This aims to cover local inhomogeneity induced

variations and give a proper statistical evaluation later.

The fiber was modelled mechanically by using the

beam model illustrated in Fig. 1b. Based on the

images, fiber cross sections are close to hollow ellipses

shown in Fig. 1c. By use of the Euler beam theory, the

differential equation governing the deflection d of the

fiber and the corresponding solutions are given as:

EI � d00 xð Þ ¼ �M ð1Þ

d xð Þ ¼ � Fb2x2 3a aþ bð Þ � x 3aþ bð Þð Þ
6EI aþ bð Þ3

for 0� x� a

ð2Þ
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d xð Þ ¼Fa2 a aþ bð Þ � x abþ að Þð Þ � aþ b� xð Þ2

6EI aþ bð Þ3

for a� x� aþ b

ð3Þ

where d denotes the deflection, E the longitudinal

Young’s modulus, F the loading force, M the internal

reaction moment, I ¼ p
4
c3odo � c3i di
� �

the area

moment of the assumed cross-section with ci; di and

co; do the main axes of the inner and of the outer

ellipse, respectively. Equations (2) and (3) can be

obtained by calculating the internal reaction moment

M and integrating Eq. 1. Then, using the boundary

values dð0Þ ¼ dðaþ bÞ ¼ 0 and d0ð0Þ ¼ d0ðaþ bÞ ¼
0 for the integration constants. Detailed procedure

about solving statically indeterminate beam systems

can be found in Gross et al. (2009). Using these

equations, the average longitudinal Young’s modulus

E is obtained by minimizing the differences between

the measured and the calculated deflection from

tapping different segments of the fiber via the least

square approach:

X
d E �I; xið Þ � dið Þ2\tol ð4Þ

where the positive constant tol is the tolerance. One

obtains, in fact, first the solution for E �I, and then

determines the average E along the fiber sections by

further dividing the value �I ¼ meanðIÞ, which denotes
the averaged area moment along the the fiber

segments. The cross-sectional dimensions along the

fiber to calculate Iwere determined using CLSM. This

procedure was performed for every tested fiber at

given load and RH level. The results are presented in

the later section.

Determination of hygroscopic expansion

coefficient

A VK-8710 (Keyence, Osaka, Japan) confocal laser

scanning microscope was used to investigate the

swelling behavior of the fiber. In the climate chamber,

where the RHwas varied as in the AFMmeasurements

previously, the fiber was suspended 45 minutes to the

RH before starting the measurements. The swelling

behavior was analysed by the VK analyser software

from Keyence (Osaka, Japan), after creating cross-

section images along the fiber, where the local radii

were measured. Further, to determine the HEC, the

change in volume was calculated based on the

experimentally recorded change of the cross-section

at different RH. The reference volume of the non-

prismatic fiber with assumed geometry is

Vref ¼ p codo � cidið Þ � L, see Fig. 1c. The total length
of the fiber is assumed to be constant and not vary with

the changing RH, since both ends are clamped. The

Fig. 1 a An extracted fiber from a cotton Linters paper sheet,

with the tapping segments framed and the cantilever end. b The

corresponding mechanical beam model. c The assumed hollow

ellipse beam cross-section. d Standard three-point bending test

method with the load applied to the middle of a tested sample.

e Illustration of our performed scanning bending test, with aim

to reduce local inhomogeneity afflicted results
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relative change in volume due to RH can be then

formulated as HEC multiplied by the absolute RH

change DRH ¼ RH � RHref with RHref denoted as

reference RH state:

DV=Vref ¼ bkk DRHð Þ ð5Þ

where

bkk ¼ bkldkl ¼ trace

bT 0 0

bT 0

sym. bL

0
B@

1
CA ¼ 2bT þ bL

ð6Þ

is the sum of 3D anisotropic hygroscopic expansion

tensor bkl with in total 9 independent components in

the general anisotropic case. Hereby dkl is the

Kronecker-delta, bT is the HEC in the transverse

direction, and bL is the HEC along the fiber length

direction. In the transversely isotropic case, the

hygroscopic expansion tensor has only the orthogonal

components, namely those in the fiber longitudinal

direction and in its cross-section. Further, it is

experimentally validated considering the hierarchical

layered wall structure ( Joffre et al. (2016)), that the

hygroscopic expansion in the fiber length direction bL
is shown to be one order lower than that in the

transverse directions, and therefore to be neglectable.

Under this assumption, it leads to the following

equation:

1

2
DV=Vref ¼ bTDRH ð7Þ

Subsequently, the HEC in the transverse direction bT
is calibrated with Eq.7 at different DRH for every

segment along the fiber length, as explained in

Sect. 4.2 later on.

Paper sheet sample and tensile test

For studying the tensile behavior of the paper mate-

rials, lab-engineered paper samples with bleached

eucalyptus sulfate pulp (median fiber length (length-

weighted): 0.80 mm; curl: 16.7 %; fibrillation degree:

5.2 %; fines content: 8.0 %) were used. The paper

samples with grammages of 30� 0:6gm�2 were

prepared using a Rapid-Köthen sheet former accord-

ing to DIN 54358 and ISO 5269/2. The tensile tests of

the paper samples were done in accordance with DIN

ISO 1924-2 with a Zwick Z1.0 with a 20 N load cell,

and the speed of separation was set to 10 mm/min,

using the software testXpert II V3.71 (ZwickRoell

GmbH & Co.Kg) in a controlled environment with 23
�C and 50 %RH. Prior to testing at 50 %RH, the paper

samples were stored for at least 24 hours in the

controlled environment with 23 �C and 50 %RH. To

perform tensile tests of paper samples at 90 %RH, the

samples were stored in a plastic container with a

saturated aqueous KNO3-solution (Wexler and Hase-

gawa (1972)), producing an atmosphere with approx-

imately 90 %RH at 23 �C indicated by a sensor inside

the container, for 24 hours. After equilibrating the

samples in the plastic container, each sample was

separately taken out and tested immediately in the

apparatus.

Computational simulations using the cohesive zone

finite element model

Mechanical model of the single fiber

The mechanical governing equations including the

stress equilibrium, the linear kinematics and the linear

elastic material law are given as following:

rij;j ¼0 ð8Þ

ekl ¼
1

2
uk;l þ ul;k
� � ð9Þ

rij ¼Cijkl ekl � ehkl
� �

¼ Cijkl ekl � bklDRHð Þ ð10Þ

in which rij is the Cauchy stress tensor, Cijkl the

stiffness tensor and ekl the strain tensor. The strain due
to the hygroscopic expansion is given as

ehkl ¼ bklDRH, where bkl and DRH denote the

anisotropic HEC tensor as described in the previous

section and the relative humidity change, respectively.

The transversely isotropic constitutive material law is

applied for the fiber anisotropy along the fiber

direction. Thus, the inverse of the stiffness tensor

can be given as following:
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C�1
ijkl ¼

1=ET � mTT=ET � mLT=EL

�mTT=ET 1=ET � mLT=EL Sym :

�mLT=ET � mLT=ET 1=EL

1=GT

0 1=GT

1=GL

2
666666664

3
777777775

ð11Þ
with five independent parameters: EL, ET , GT the

longitudinal modulus, the transverse modulus, the

shear modulus and mLT , mTT the two Poisson’s ratios.

The values of the Poisson’s ratios are specified in

Table 1. Based on the work by Magnusson and

Östlund (2013), one can further reduce the number

of elastic parameters, by assuming the correlations

between other elastic parameters and the longitudinal

Young’s modulus EL with the unified property-related

S2-Layer. This assumption is based on the fact that

this layer represents the main constituent of the fiber.

The relations between the elastic parameters shown in

Table 1 are employed in the following finite element

simulations. Note that the longitudinal Young’s mod-

ulus EL and the HEC are experimentally determined as

explained in Sect. 2.2. Further, on the single fiber

level, no fiber damage is assumed.

Cohesive zone interface model for fiber-fiber

contact in the dry state

Similar to works by Li et al. (2018), Magnusson and

Östlund (2013), a cohesive zone-based approach was

utilized to characterize the debonding behavior. See

Figure 3d for the illustration. In the current work, we

applied a non-potential based CZM from McGarry

et al. (2014), which aims to give a proper behavior in

mixed-mode loading scenario to avoid the fiber

penetration. The traction-separation laws are given as:

Tn Dn;Dtð Þ

¼ rmax exp 1ð Þ Dn

dcn

� �
exp �Dn

dcn

� �
exp � D2

t

dct
2

 !

ð12Þ

Tt Dn;Dtð Þ

¼ smax
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 exp 1ð Þ

p Dt

dct

� �
exp �Dn

dcn

� �
exp � D2

t

dct
2

 !

ð13Þ

where Tn; Tt are the traction components of T in their

normal and tangential loading state. Dn; Dt are the

displacement separations at the fiber-fiber bonds. rmax
and smax are the maximal stresses in pure normal and

pure shear separations, dcn and dct are the critical

lengths to the maximum stresses, respectively. The

energy terms per surface for both separation modes are

given with /n ¼ dcnrmax exp 1ð Þ and

/t ¼ dct smax
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:5 exp 1ð Þ

p
. The damage variable D is

defined as:

D ¼ Deff � Dc

Df � Dc

ð14Þ

ranging from 0 to 1 and represents the intact state and

fully damaged state. Deff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2
n þ D2

t

q
, Dc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dcn
� �

2 þ dct
� �

2

q
are the effective mixed-mode sepa-

ration and the separation corresponding to the max-

imum stresses, and Df ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dfn
� �2þ dft

� �2q
is the final

separation at complete failure. Eq. 12 and 13 are

referred as the traction-separation laws in the dry state

Tdry for the following humidity dependent cohesive

zone model.

Humidity dependency of the cohesive zone model

In a subsequent step, the cohesive zone model due to

the humidity influence was modified by multiplying a

decrease term:

Table 1 The elastic parameters and their dependency on the longitudinal Young’s modulus EL based on Magnusson and Östlund

(2013)

Elastic parameters EL ET GT GL mLT mTT

Value EL EL/11 EL/23 ET=2ð1þ mTT Þ 0.022 0.39
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T DRHð Þ ¼Tdry 1� K DRHð Þð Þ ð15Þ

This was motivated by Jemblie et al. (2017), mainly

based on using CZM for hydrogen embrittlement of

steel structures, where the effect of hydrogen on the

accelerated material damage were studied. The anal-

ogy in the existing context with hydrogen embrittle-

ment is phenomenologically similar, as the water

molecules infiltrate the network and destroy the bonds

and as the moisture gets absorbed, the swelling and

softening of the fibers lead to partial failure of the fiber

bonds ( Hirn and Schennach (2017)). Whereas in case

of steel, diffusible hydrogen dissolves into the metal

and causes material to be brittle and thus reduces the

yield stress in a tensile field at the crack front (

Barnoush (2007)). In the formulation, K is a softening

parameter and describes the degree of decrease and the

bound of the allowable cohesive strength, which need

to be adjusted, when experimental data are available.

This intuitive assumption was made for the first step,

since there was barely any experimental data in the

literature regarding RH dependency of mechanical

properties of interfiber joints. Only Jajcinovic et al.

(2018) have tested the strength of interfiber joints for

softwood and hardwood interfiber joints at three RH

levels. While for cases of hardwood, the breaking

strength decreases, for cases of softwood fibers, the

optimal breaking strength seems to favor at 50 %RH,

showing decreasing trend towards higher or lower RH

values. However, a statistically sound conclusion

cannot be drawn, since larger variations of breaking

loads are observed for the softwood joints. Further-

more, no literature on RH-dependent cohesive sepa-

ration parameters could be found to our best

knowledge. Therefore, as a first step towards

considering RH dependent cohesive relation, we made

use of this assumption. Without loss of generality, this

relation can be improved upon available, accurate

experimental results. For a K ¼ 0:5, the traction-

separation functions are plotted in Fig. 2.

Weak formulation for cohesive FE implementation

The FE implementation was based on the governing

equations describing the general bulk deformation and

the cohesive zone damage model as given previously.

The corresponding weak formulation can be obtained

from the principle of virtual work based on the work of

Park and Paulino (2012):
Z

X
de : r d V þ

Z

Cint

dD � T d S ¼
Z

C
du � Text d S

ð16Þ
where de; du; dD are the virtual strain tensor, the

virtual displacement vector and the virtual separation

vector at the interface, respectively. r is the tensor

notation of the Cauchy stress tensor rij, T is the

traction vector at interface Cint with the normal and

tangential components Tn; Ti. Text is the external

traction on the outer boundary C. Equation 16

describes the energy balance between the strain energy

or the work of the internal force in the domain X and

the work contributed by the interface elements and by

external forces. The non-potential based cohesive

zone model is implemented in a user material kernel in

the open-source FE softwareMOOSE ( Permann et al.

(2020)). A detailed step-by-step instruction of general

cohesive FE implementation from Eq. 16 can be found

in Park and Paulino (2012).

(a) (b)

Fig. 2 Decay of traction-separation law due to RH with K = 0.5 a Normal cohesive behavior b Tangential cohesive behavior
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Fiber network generation and FE simulation setups

The Software Geodictr was used to create periodic,

synthetic fiber network samples, which allows a

similar deposition procedure as reported in Kula-

chenko and Uesaka (2012), Li et al. (2018). It uses

voxels to represent the fiber network after the structure

is generated for the given geometric parameters. Upon

initialization, a voxel size of one micron was chosen in

our work, see Fig. 3b. The fibers were deposited by

assuming Gaussian distributions of fiber orientation,

diameter and length. For simplicity, we neglected the

complex shape of the cross-section and assumed that

the fiber was solid and had a circular-shaped cross

section along the fiber length. They were created in a

flat-plane, afterwards fell under gravitational force,

and were then elastically deformed and deposited onto

the previous fibers. The deposition process was

completed when the specified grammage was reached.

After generation of the voxel geometry, the surface

mesh was created. Afterwards, coarsening and

smoothing steps were performed until sufficiently fine

surface mesh was obtained. The surface mesh was then

exported and meshed to volume elements using the

open-source meshing software Gmsh ( Geuzaine and

Remacle (2009)). The modeled fiber network sample

included approximately 1 million linear tetrahedron

volume elements. About 40000 local 2D-elements

were used to resolve the contact area in order to

achieve mesh independence. Details on the choice of

the mesh size are given in the supplementary infor-

mation. For the present work, the fiber network setting

and features are given in Table 2. The size of the

simulated fiber network sample was similar to that

used by Li et al. (2018) and our previous work (Lin

et al. 2020). The diameter of the fiber was similar to

our tested fiber. Due to the periodic fiber network

structure, the length of the fibers in the simulation was

(a)

(b) (c) (e)

(d)

Fig. 3 a SEM image showing the fiber network of the cotton

Linters paper sample. b Synthetic fiber network generated by

Geodict in voxelized and unrendered form. c Visualization of

the contact areas inside the fiber network d Illustration of the

cohesive zone model for the interfiber contact (Hexahedron

elements are used for a simple visualization) e The setup of the

cohesive finite element simulation with the prescribed displace-

ment along the x-direction and the figure insert showing the FE-

mesh for two fibers that are in contact

Table 2 Geometry parameters of the generated periodic fiber

network sample

Parameters Values

Domain size x, y 400 lm

Distribution Gaussian

Fiber network orientation 0� in x

Fiber length 300 lm

Fiber diameter 17 lm

Grammage 30 g =m2

Standard deviation (Std) orientation �36� in x

Std fiber length ±18 lm

Std diameter ±2.2 lm

123

Cellulose





chosen to be around half of the median fiber length

(length-weighted) from the tested paper sheet as

mentioned previously. For the finite element simula-

tions, we calculated the orientation tensor for each

fiber in the voxel-based geometry by use of Euler

angles. The orientation tensor was then used for

transformation of the elasticity tensor for each fiber.

Regarding the boundary conditions, ux ¼ 0 was spec-

ified on the left boundary, ux ¼ u on the right

boundary and uy ¼ 0 on the front and back boundaries.

This setting corresponds to displacement boundary

condition in the x-direction with the boundary cross-

section in y-direction kept as a flat plane. The out-of-

plane degrees of freedom and others on each boundary

side were unspecified and stress-free. FEM simula-

tions were performed on a high performance computer

with 24 cores for around 8 hours.

Results and discussion

Parameterization of humidity dependent elastic

modulus

Prior to executing of the minimization procedure, the

cross-sectional areas of the fibers were determined by

the CLSM at indentation points to calculate the second

area moment I in the deflection direction. The values

were recorded at each RH level, thus also considering

the morphological change of the fiber for a precise

determination of humidity-dependent elastic modulus.

In Figure 4, three representative cross-sectional

images of a fiber at different RH levels are demon-

strated. The fiber cross-sections vary from elliptical to

circular shapes, typically with a lumen of the same

shape for non-collapsed fibers. Therefore, assuming

the cross-sections to be elliptical to calculate the Iwith

the corresponding inner and outer diameters also

included the extreme case of circular cross-section and

helped to improve the accurate determination of I. The

numbers of determined areas and second area

moments are provided in Table 3

The experimentally determined longitudinal

Young’s moduli EL using aforementioned technique

for the prescribed loads at different RH values are

presented in form of boxplot in Fig. 5a. For simplicity,

EL will be written as E in the following. For each box,

Q1 to Q3 quartile values of the data, (corresponding to

25% and 75%) are drawn inside the box. The yellow

line inside the box marks the median (Q2). The

whiskers extend from the edges of box to show the

range of the data. The extension of the data are limited

to 1.5 * IQR with IQR = Q3 - Q1 from the edges of the

box, ending at the farthest data point within that

interval. Outliers are plotted as separate black framed

dots. From the boxplot, it is clear that E decreases with

Fig. 4 Representative cross-sectional areas of tested fiber at different RH levels

123

Cellulose





increasing RH levels. This is in agreement with the

literature. The elastic modulus reduces because water

molecules act as lubricant between the cellulose

molecules, as the water molecules infiltrate the

network and destroy the hydrogen bonds between

the cellulose molecules (lechschmidt (2013), Janko

et al. (2015), Quesada Cabrera et al. (2011)). Further,

it is noticeable that for RH = 2 %, a higher variation is

observed due to distribution of determined data points.

Apart from one outlier, the median is obtained to be

approximately 4 GPa. The variation decreases with

increasing RH level, which is given by the shrinkage

of the boxes. Compared to the work by Hearle and

Morton (2008) on inital elastic modulus of different

cotton fibers (5-12 GPa), our values seem to be lower.

The lower level of our Young’ moduli can be

attributed to the cotton fibers under testing. As stated

previously, we manually extracted single fibers from a

finished paper sheet. Thus, our fibers were a part of the

completed paper after production process with beating

or pressing. In other words, the fiber tested is not

anymore in its natural raw state. In fact, in the paper

making process, the layered wall structure of the fiber

is often milled off, which could lead to softening of the

fiber. Furthermore, a small degree of determined

Young’s moduli seems to increase with the applied

load. This may stem from nonlinear elasticity or

nonlinear geometrical deformation which is neglected

in the current mechanical models. Compared the

elastic moduli with other wood-based lignocellulosic

fiber sources as provided by Lorbach et al. (2014),

within a range from 15 - 35 GPa, natural cotton fibers

are generally softer. Further, we proposed the Young’s

modulus E as a function of RH and approximate the

decaying due to the humidity effect in an exponential

form. Afterwards, the coefficients of the exponential

function were calibrated to the mean values that were

determined by the least square approach from the

experimental bending tests. The exponential function

takes the following form:

EðRHÞ ¼ �a � e� �bRH ð17Þ

where �a can be understood as Emax, which represents

the averaged modulus extrapolated at 0 %RH and is

Table 3 Mean and standard deviation of fiber cross-section area and second area moment of 45 sections at each RH level

Parameters Values

RH [%] 2 40 75 90

Area [lm2] 309 ± 65 395±96 468±106 518±105

I [10�20 � m4] 7.5± 2.3 11.4 ± 3.7 14.5 ± 4.2 19.4±6.3

(a) (b)

Fig. 5 a Distribution of Young’s modulus data in dependency of RH. In total, 20 data points were evaluated for 5 fibers and 4 applied

loads, at given RH levels. b Calibrated exponential law with corresponding mean values as star dots and its 95 % confidence interval
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around 4.5 GPa. �b determines the degree of elastic

decaying. The calibrated coefficients �a, �b are given in

Table 4. The E-RH curve is depicted in Fig. 5b, along

with the deviation as 95 % confidence interval. With

the formula given in Eq. 17, Young’s modulus can be

determined at any RH values and can be used further

for simulation of RH-dependent material behavior. In

Dale et al. (1949), Hearle and Sparrow (1979), a

decreasing trend in inital elastic modulus of the cotton

fiber w.r.t moisture was also observed. However, an

exponential decay in elastic modulus of cotton fibers

were less reported. Only recent work by Czibula et al.

(2021) using an AFM-based nano indentation method

determined similar exponential decrease of elastic

modulus for softwood fibers w.r.t RH.

Hygroscpic expansion coefficient

The experimentally determined volume changes of

different segments of a fiber exposed to different RH

are summarized in Fig. 6a. Together, data of five

fibers, each of nine segments were collected and 45

data points were evaluated in total. Due to the high

local inhomogeneity, high deviation of the data points

for different segments was observed, which had larger

distributions in the boxplot at each RH change.DRH is

referred hereby to the difference between the current

RH level and reference RH state, which is 2 %RH.

Similar to the determination of E-RH relation, the

HEC was determined in Fig. 6b. The volumetric

strains were averaged over the data points at eachDRH
level. The average volume strain assumes a linear

dependency on the relative humidity, based on the

relation Eq. (7). The transverse HEC bT was thus

extracted as the slope of the curve, which was

indicated by the dashed black line, and the value was

determined as 0.35. This is in good agreement with the

values reported by Joffre et al. (2013) as collected in

Joffre et al. (2016) from different data available in the

literature, ranging from 0.2 to 0.44. It should be noted

that the recorded outliers in the boxplot originated

from the segments that contained inflated microfibrils,

as e.g. segment number 4 in Fig. 1a, which would bias

the overall results. There were several other methods

in determining the HEC, such as measuring from X-

lCT or back-calculation from composite properties (

Neagu and Gamstedt (2007), Almgren et al. (2009)).

Since our focus was on the influence of RH on the

mechanical behavior of the fiber network, the readers

are referred to literature for further investigations

about the dimensional stability loss in relation with

HEC, see e.g. Neagu et al. (2005).

Simulation of force-elongation relation on fiber

network scale

Bulk and cohesive finite element simulations were

carried out on the generated fiber network under the

prescribed boundary conditions in Sect. 3.5. One fiber

network sample without humidity influence is shown

for demonstration purpose in Fig. 7(a), with the

Table 4 The determined coefficients for the RH dependency

of the longitudinal Young’s modulus defined in Eq. 17

Coefficient �a �b

Value 4533 0.06

(a) (b)

Fig. 6 a Distribution of measured volumetric strain data. In

total 45 data points were evaluated, with data from 9 segments

per fiber at each RH change. b Calibrated linear relation of

volumetric strain with DRH and the corresponding mean values

as star dots, and its 95% confidence band. The slope of the linear

curve was then determined as the transverse HEC
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cohesive fiber-fiber interface highlighted in dark blue.

The sample deforms under the tensile displacement

along the x-direction. A few snapshots on the defor-

mation and the interface damage level are sequentially

presented in Fig. 7b–f. We simultaneously docu-

mented the normalized reaction force (w.r.t maximal

value of the reaction force) and the elongation of the

sample. The corresponding curve is depicted as the

insert of the figure.

The points which correspond to the snapshots (a–f)

are indicated on the curve. It can be seen that

mechanical response from (a) to (b) is almost linear.

From (b) to (c), damage initiation occurs in certain

areas. The maximal force reaches at (c), and from

(c) to (d), the force drops about 35%. The force at point

(c) is referred as the maximal force or the failure force,

while the corresponding elongation is termed as

elongation at failure in the following context. From

(c) on, damage process continues more extensively. In

particular, from (e) and (f) almost all fiber contacts are

damaged, and the sample bears hardly any load (20%

of the maximal force) due to the damage percolation.

The numerical convergence at this stage becomes

difficult for implicit finite element solver due to the

large deformation and the energy release stored in the

fiber bonds. Using the established fiber network

simulation framework, we firstly carried out a series

of material parameter studies without humidity influ-

ence. It is necessary to understand the extent of the

influence of those potentially important material

parameters on the mechanical behavior, because the

material parameters inherently vary with different

kinds of fibers. Simulations with humidity influence

are reported thereafter. It should be noticed that for the

following parameter studies, force-elongation curve

up to force at failure and the corresponding elongation

at failure was considered, as indicated by point (c) in

Fig. 7. Force-elongation behaviors in post-damage

range are out of our current scope, where the

numerical convergence may become difficult for

0.
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(d)

(e) (f)

Maximal force

Elongation at failure

X
YZ

Effective stiffness

Fig. 7 Deformation and damage process of an exemplary fiber

network under tensile loading along the x-direction. a–f:
Snapshots of the deformed fiber network for the corresponding

points in the force-elongation curve shown in the middle. The

damage of the fiber-fiber contact is indicated by the color

contour plot
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implicit finite element solver as previously mentioned.

Table 5 summarizes the default values and the corre-

sponding variation sets of the material parameters

considered. Unless it is otherwise stated, only one set

of the material parameters is varied at once, while the

other parameter sets are assumed to take their default

values.

Influence of cohesive model parameters

The cohesive parameters describe the mechanical

properties of the bond and the energy stored in the

fiber-fiber contacts. The choice of cohesive parameters

was based on fiber joint tests from available literature.

The reported experimental values in a fiber-fiber

shearing type study range from 0.2 to 16 MPa

according to Magnusson et al. (2013) and about 3–5

MPa for softwood and hardwood joints, according to

Jajcinovic et al. (2016), respectively. The normal

cohesive strength has been reported to be approxi-

mately four times smaller than that in tangential

direction as given in Magnusson and Östlund (2013),

Borodulina et al. (2018), Marais et al. (2014). Worth

mentioning, the determined strength values in peeling

or shearing type studies are to some extent, always

mixed in the loading and due to experimental setups

never in its pure form ( Magnusson (2016)). Less

information is available on the critical separations of

fiber joints in experimental context, due to difficult

experimental realizations as mentioned. As for the

numerical simulation using cohesive zone models,

work by Magnusson (2016) set the cohesive final

separations to be 1 lm for both normal and tangential

direction, and in Borodulina et al. (2018), Mansour

et al. (2019), they are assumed to be 1.56 lm and 0.35

lm, respectively. Given the variation in the reported

values in the literature, a range of parameters were

therefore checked to study their influence on the

mechanical response of the fiber network. Based on

the literature, we set the default cohesive material

parameter for smax ¼ 1 MPa, rmax ¼ 0:25 MPa and

followed Magnusson (2016) setting dft ¼ 1lm and

dfn ¼ 1lm, with corresponding critical separations

determined by equating the energy terms /n ¼
dcnrmax exp 1ð Þ and /t ¼ dct smax

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:5 exp 1ð Þ

p
from our

work with bilinear cohesive energy /n ¼ 1
2
rmaxd

f
n and

/t ¼ 1
2
smaxd

f
t from Magnusson (2016), Borodulina

et al. (2018). The variation range is given in Table 5.

Generally, non-linearity in force-elongation behavior

is observed. From the simulation results, after a small

elastic region, the curves become nonlinear due to the

inhomogeneous damage development at different fiber

bonds and the progressive and cooperative interactions

between damaged interfaces. It is noted that force drop

occurs during the loading, which can be reasoned by

reorientation and readjustments of the fibers under

loading. Figure 8a demonstrates the influence of the

parameters rmax; smax on the mechanical behavior,

where the blue curve with corresponding (*) in the

legend of the figure denotes the results with default

parameters. As it is shown, reducing smax by 10 times

from 1 to 0.1 MPa (respectively for rmax), the

elongation reduces by a factor of around 8 (from

0.58 to 0.07 %), the maximal force reduces about 8.3

times as well (from 2 mN to 0.24 mN). Increasing smax
by a factor of 10 (respectively for rmax), the elongation
increases by a factor of around 2.4 (from 0.58 to 1.41

%), the reaction force increases around 4 times (from 2

to 7.5 mN). Further increase of smax from 10 to 20MPa

shows an increase of 1.4 times in elongation and of 1.5

times in maximal force. Clearly, the force and

elongation have non-linear responses to the change

of the cohesive strength, the factors w.r.t changing

cohesive strength are rather same for both force and

elongation quantities. For the effective stiffness of the

sample, the secant modulus is considered (ratio of the

maximal force per unit area to elongation), since not

every simulated case has a clear elastic region. The

effective stiffness is less sensitive against the change

of the cohesive strength, which implies in turn, that the

overall stiffness of the fiber network is less influenced

by the cohesive strength. Figure 8b demonstrates the

influence of the cohesive separation dfn; d
f
t on the

Table 5 Value for

parameter study without

humidity influence

Parameters Symbol Default values Variations

Cohesive strength rmax; smax [MPa] 1, 0.25 0.1, 0.025; 10, 2.5; 20, 5

Final separation dft ; d
f
n [l m ] 1 0.1; 5; 10

Young’s modulus E [GPa] 4.5 0.45; 45; 90
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force-elongation curves. When reducing dft ; d
f
n from 1

to 0.1 lm, maximal force decreases by a factor of 2.2

(from 2 to 0.9 mN) and elongation decreases by a

factor of 3 (from 0.57 to 0.19 %). Increasing from

default parameter 1 lm, to 5 lm and 10 lm, the failure

force changes from 2 mN to 3 mN and 3.4 mN, which

corresponds to an increase factor of 1.5, 1.13, respec-

tively. For the elongation, factors of 3, 2.5, 1.8 are

obtained for values increasing from 0.19 %, 0.57 %,

1.41 % and 2.55 %. The change in effective stiffness

(as secant modulus) shows a decreasing trend with

factors of 0.74, 0.6 and 0.63. Therefore, increasing the

cohesive separation, the fiber network is considered to

be softer, stronger and has a higher deformability,

whereas changing cohesive strength does not influence

the stiffness of the fiber network, but makes it stronger

and more extensible as well.

Influence of Young’s modulus

As discussed previously, our determined fiber

Young’s modulus appears to be lower than the

reported values in the literature. We study hence here

the influence of the variation of the elastic modulus on

the force-elongation behavior, given our experimen-

tally determined results and those reported in the

literature. Default elastic modulus is set to be 4.5 GPa,

extrapolated from our calibrated exponential law at

RH = 0 %. Figure 8c shows that increasing the

Young’s modulus by a factor of 10, the maximal force

(a) (b)

(c)

Fig. 8 Influence of material parameters on the force-elongation curve. a Varying the cohesive strength. b Varying the cohesive

separation. c Varying the elastic modulus
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increases from 2 to 3.4 mN, which corresponds to a

factor of 1.7. The elongation decreases from 0.57 to

0.25 % and gives a factor of 2.3. Further increasing E

from 45 to 90 GPa, only minor changes are observed in

the mechanical responses. More interestingly, reduc-

ing 4.5 GPa to 0.45 GPa, the elongation increases by a

factor of 3, and the maximal force decreases approx. 2

times. The effective stiffness changes significantly,

with a factor of 1.09, 2.3 and 3 when changing 90 GPa

to 45 GPa and to 4.5 GPa, finally to 0.45 GPa. The

mechanical responses scale exponentially, and implies

a strong impact on the extensiblity and the effective

stiffness of the fiber network by the stiffness of

constituent fibers. It is also notable, that the mechan-

ical behavior changes from very brittle to a more

ductile behavior, with decreasing Young’s modulus.

Influence of relative humidity

In this section, the RH influence on the two key

parameters in our simulations are investigated, namely

the fiber elastic modulus and the cohesive strength

parameter. For a better analysis of the parameter

influence and individual parameter contributions, we

firstly studied the force-elongation curves by RH-

provoked elasticity decay, then by the RH-provoked

bonding strength reduction, and finally combined

influence of both factors. For a simple comparison,

the force values were normalised with the maximal

number. In the Figure 9a, for a reference dry state of

RH = 0%, force-elongation curves are shown for RH

levels of 2%, 40%, 75% and 90%. Accordingly, using

calibrated exponential law of fiber elasticity decay

from previous section, see Eq. 17 and Table 4, the

(a) (b)

(c)

Fig. 9 Force-elongation behavior of a RH Influence on the fiber elasticity. b RH influence on the cohesive strength. c Combined

influence of cohesive strength and fiber elasticity on the force-elongation curve. (*) denotes the default RH level
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resulted elastic moduli due to RH influence to

determine the force-elongation curves were around

4000, 400, 50 and 20 MPa, respectively to the RH

levels. As depicted in the figure, the stiffness and the

maximal force of the fiber network gradually decrease,

whereas the elongation or extensibility increases with

RH levels. The trend of the curve qualitatively follows

the exponential drop at single fiber level with

increasing RH levels and is also comparable with the

previous elastic modulus parameter study. Further, for

the RH-provoked cohesive strength reduction, we

assumed the decaying parameter K used in the

humidity dependent cohesive zone model in Eq. 15

to be 0.3, which implied that for e.g. aDRH = 30%, the

cohesive strength is decreased by approx. 10%. This

amount of decrease is similar to the interfiber joint test

for hardwood fibers subjected to varying RH observed

in Jajcinovic et al. (2018). The set of force and

elongation curves in Fig. 9b, indicates that while the

stiffness remains stable in the initial range, the force

and the elongation decrease rather linearly within the

given parameter range by the RH impact. Further

looking into the combined factors in Fig. 9c, the set of

curves subjected to both RH dependent factors is

similar to the set of curves of RH-provoked elastic

modulus decay in Fig. 9a, which shows an exponen-

tially decreasing trend in maximal force and stiffness,

but an improvement in elongation towards higher RH

levels. Coupled with the effect of cohesive strength

reduction, stiffness, elongation and strength change

slightly from (0.75, 0.36) to (0.68, 0.31) at 40 %RH ,

(1.71, 0.17) to (1.70, 0.11) at 75 %RH and (2.85, 0.08)

to (2.66, 0.07) at 90 %RH, respectively. As seen

earlier, change of cohesive strength influences the

elongation and maximal force, but to a smaller extent

the effective stiffness. For a cohesive strength decay

parameter K = 0.3 (i.e. maximal cohesive strength

decrease of 30%), comparatively minor effect on the

mechanical behavior is observable. It is therefore

understandable from the computation results, that

based on the experimentally obtained E-RH behavior

of exponential form from single fiber level, RH

dependent elastic modulus makes a greater impact

on the RH-dependent mechanical behavior of the

underlying fiber network structure within the current

setting.

Tensile test of paper sheet and comparison with micro-

mechanical model

To provide additional information of RH influence on

the mechanical behavior and qualitatively validate the

model, tensile test on paper sheet samples were

performed at RH = 50 % and 90 %, with the

mentioned sample size in previous section. Results

are shown in Fig. 10a. For RH = 50%, data from nine

samples was collected and the maximal force was

determined to be 7:56� 0:31N, with the correspond-

ing elongation at break to be 1.45± 0.12 %. For RH =

90 %, data from ten samples was collected. The

maximal force was 6:6� 0:45 N, with the corre-

sponding elongation 2:18� 0:15%. As the

(a) (b)

Fig. 10 Experimental force-elongation curve from tensile test of paper sheet samples at different RH levels
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figure shows clearly, the maximal force and the

effective stiffness decrease and the elongation

increases with increasing RH levels. These observa-

tions have been reported in the available experimental

literature. To further validate the micro-mechanical

model with the experimental results, the numbers from

experimental results were normalised, errorbars were

determined and compared with simulated results at

RH = 50 % and 90 % in Fig. 10b. As shown in the

figure, the simulated results agree well with experi-

mental results at 50 %RH level for the force and

elongation, respectively. The stiffness in the initial

region is slightly higher, but agrees towards the

softening region. However, larger discrepancies are

observed for the curve at 90 %RH level. Whereas the

simulated elongation is slightly higher, the force and

stiffness numbers are lower than the experimental

results. The main reason assumed for this discrepancy

lies in the obtained E-RH relation from tested single

fibers. The procedure of extracting the single fibers

from a finished paper sheet can damage the fiber wall,

as mentioned in previous Sect. 4.1, thus leading to an

higher elastic modulus decrease when exposed to

increasing humidity (from approx. 4 GPa at 2 %RH to

20 MPa at 90 %RH), for which the decay relationship

determined in our calculation to be an exponential

form. For fibers in the paper sheet under actual testing,

this decrease in fiber elasticity might be lower, while

the fiber wall remains intact and the fibers well

embedded in the fibernetwork. Thus, the curve tends to

have a higher force and stiffness at sheet level from the

experimental testing. In general, the fibernetwork

simulation results presented here can be rather inter-

preted in terms of a statistical volume element as in

Trias et al. (2006), Lin et al. (2020), which qualita-

tively agree well with the presented tensile test to

demonstrate the RH influence on the mechanical

behavior. Worth mentioning, we are not fully aiming

to make a comparison in a quantitative manner at this

stage, since the underlying microstructure varies

locally and significantly. From the computational

perspective, to consider a larger sample in our
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Fig. 11 Von Mises stress

map and damage pattern at

different RH
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framework, limitation in computation power arises

due to the number of fibers and interfiber contacts, that

needs to be resolved sufficiently to obtain mesh-

independent results. Therefore, further modelling

techniques are required, e.g. homogenisation of the

presented fiber network models as an element or

starting point of a multi-scale modelling paradigm. For

that purpose, our bottom-up approach considering RH

influence delivers important information for under-

standing and designing of paper materials on the fiber,

and fiber network scale and can serve as baseline for

studying mechanical and fracture behavior of paper

material models on paper sheet, or even higher scale.

Outlook on computation of RH dependent interfiber

damage pattern

In this section, computational insights on the fiber

network deformation and interfiber debonding pattern

with respect to RH levels are provided. As demon-

strated earlier, increasing RH levels causes the soft-

ening of fibers in terms of fiber elasticity decay and

reduction of cohesive strength. These combined

influences have large impact on the interfiber damage

behavior, its accumulation of fiber deformation and

stress state in a fiber network. In Figure 11, the von

Mises stress and the damage pattern of the underlying

fiber bonds are presented. As shown by the von Mises

stress map, at RH = 2 %, the numbers at specific

location of fibers are several times higher, due to the

high stiffness, low deformability of the fibers. There-

fore, more bonds are damaged to that end. Compared

to higher RH level e.g. at 75 %, the fibers are more

deformable and upon stretching, the fibers have high

tendency to deform without having every bond

necessarily broken, thus the interfiber bonds at higher

RH are less damaged. Worth mentioning, that we do

not consider any fiber breakage in our model, never-

theless, in a realistic case, that the higher stress

concentration in fibers at lower RH or drier state can

result in multiple fiber breakage instead of fiber bond

failure, and then through the failure, fiber bonds

remain less damaged. However, to conclude whether

fiber breakage becomes more dominant in drier state,

experimental tests and statistical evaluation of failure

mechanism on a fibernetwork level, with respect to

different RH level need to be performed, which remain

as an interesting aspect for further work.

Conclusion

In summary, on different scales, starting from the fiber

scale: We experimentally determined the humidity

dependent longitudinal fiber elastic modulus using

atomic force microscopy and proposed an exponential

law for decaying of the humidity dependent fiber

elasticity. The obtained Young’s modulus was about 4

GPa at 2 %RH and lower than values available in the

literature. It could be attributed to the fact that the

tested fiber was rather a fiber manually extracted from

a finished paper sheets than a raw one without the

influence of a paper-making process. Hygroscopic

expansion coefficient was obtained to be 0.35 using

confocal laser scanning microscopy, by recording the

change of fiber cross-section swelling at different

relative humidity levels. On the fiber/fiber cross scale:

humidity dependent cohesive zone model was pro-

posed and applied jointly with the humidity dependent

elasticity to study the force-elongation behavior of

fiber network under tensile loading on a higher scale.

On the fiber network scale: we carried out a series of

parameter studies, and determined that key contribu-

tion to RH influence on the force-elongation behavior

is due to the RH-dependent exponential decaying from

single fiber elasticity, whereas the interfiber properties

play a minor role within the reported material

parameter range. The force-elongation behavior of

simulated tensile test under humidity influence was in

qualitative agreement compared to our experimental

tensile tests of paper sheets. Further, to quantitatively

address the RH influence on the paper sheet scale, a

multi-scale, microstructure-informed modelling

approach with demonstrated fibernetwork simulation

would be helpful, which will remain as future

perspective on the computational modelling part.

Computational simulations of damage pattern at

different RH levels were demonstrated, however, to

draw further conclusion on the failure mechanism,

experimental test and statistical evaluation on a

fibernetwork scale, with respect to different RH level

are needed.
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Abstract
The mechanical properties of single �bres are highly important in the paper production process to produce and adjust 
properties for the favoured �elds of application. The description of mechanical properties is usually characterised via 
linearized assumptions and is not resolved locally or spatially in three dimensions. In tensile tests or nanoindentation 
experiments on cellulosic �bres, only mechanical parameter for the whole �bre, such as elastic modulus or hardness, is 
usually obtained. To obtain a more detailed mechanical picture of the �bre, it is crucial to determine mechanical proper-
ties in depth. To this end, we discuss an atomic force microscopy-based approach to examine stepwise the local sti�ness 
as a function of indentation depth via static force-distance curves. To our knowledge, we are the �rst authors to apply 
this method cellulosic �bres. The method was applied to linter �bres (extracted from a �nished paper sheet) as well as to 
natural raw cotton �bres to better understand the in�uence of the pulp treatment process in paper production on the 
mechanical properties. Both types of �bres were characterised in dry and wet conditions with respect to alterations in 
their mechanical properties. The used stepwise analysis method of the force-distance curves allowed subsurface imag-
ing of the �bres. It could be revealed how the walls in the �bre structure protects the �bre against mechanical loading. 
Via a combined 3D display of the mapped topography and the �tted elastic moduli in z-direction, a spatially resolved 
mechanical map of the �bre interior near the surface could be established. Additionally, we labelled the �bres with dif-
ferent carbohydrate binding modules tagged with �uorescent proteins to compare the AFM results with �uorescence 
confocal laser scanning microscopy imaging. Nanomechanical subsurface imaging in combination with �uorescent 
protein labelling is thus a tool to better understand the mechanical behaviour of cellulosic �bres, which have a complex, 
hierarchical structure.
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1 Introduction

Paper, as a high-tech material made from cellulose, has 
promising applications in areas such as electronics, sen-
sor technology, microfluidics and medicine [7, 16, 23, 
26, 32, 53]. Cellulose is a natural material, is abundant 
and renewable, and is the most important raw mate-
rial in the papermaking industry. During papermaking, 
the natural structure of fibres can be mechanically or 
chemically altered, particularly at the fibre surface. To 
better understand how these alterations may affect 
the mechanical stability or water uptake of the fibres, 
it is essential to investigate the mechanical fibre prop-
erties at and beneath the surface. To tailor paper to 
advanced applications, the impact of fibre or pulp treat-
ment before the paper-making process on the structure 
and mechanical properties of cellulose fibres must be 
understood. In particular, the fibre surface is relevant 
in technology because its composition and roughness 
determine the fibre–fibre bond strength and because it 
is exposed to the environment on the paper sheet sur-
face [50, 52, 60]. The properties of the bulk, however, 
are of similar relevance because they determine, for 
example, how well fluids such as water can be absorbed 
and how the fibre swells in a humid environment. To 

better understand how cellulose fibres swell and thus 
change their mechanical stabilities and how this process 
is related to the pulp treatment process of the paper-
making procedure, it is essential to characterise bulk and 
surface properties close to the interface between the 
fibre and the surrounding atmosphere.

Cellulosic fibres have a hierarchical structure. By 
forming larger networks of cellulose molecules, highly 
oriented linearized polymer chains can form a unit cell. 
This unit cell is surrounded by unordered areas. With 
the arrangement of oriented (crystalline) and unor-
dered (amorphous) areas, fibril structures are devel-
oped. The arranged microfibrils have a diameter of a 
few nanometres and are a few micrometres in length. 
By aggregation of microfibrils, macrofibrils with a diam-
eter of 60–400 nm and a length of a few millimetres are 
formed (H.P. Fink 1990). These fibrils, together with hemi-
cellulose, lignin, pectin or waxes, form the cell walls of 
plant-based fibres. The formed fibril structures possess 
a hierarchical wall structure. A cotton fibre has a cen-
tral, hollow lumen. Around the lumen, a secondary wall 
with layers S2 and S1 is formed. This wall is surrounded 
by the primary wall (P). The mature fibre is enclosed by 
the cuticle (C), a waxy protection layer, which is a few 
molecules thick. Before processing the fibre, the cuticle 
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must be removed. The cellulose fibrils in the P wall are 
arranged in a disordered network around the fibre axis. 
The wall thickness of P is 0.1–0.2 µm, and it contains pec-
tin, hemicelluloses and cellulose microfibrils and small 
amounts of cutin/wax and proteins. During the paper 
production process, this wall is often milled off. For the 
fibre or pulp treatment process, it is essential to remove 
C and a small amount of P, as the fibres are pressed in a 
wet state to bond to each other and thus form a paper 
sheet. Because of the missing C layer and intact P wall, 
the water molecules can intrude into the fibre network 
and break the hydrogen bonds between the cellulose 
molecules, which leads to softening of the fibres, which 
are maintained through the insolubility of cellulose [9, 
22, 31, 34]. The thickness of the S1 layer is 0.1–0.2 µm, 
and it contains small portions of pectin and hemicellu-
loses and high portions of cellulose. The fibrils orient in a 
predominant direction and lie parallel at an angle of 20° 
(microfibril angle MFA) to the lumen. The most relevant 
layer for paper production is the S2 layer. A switch in the 
fibril direction is observable in the transition region from 
S2 to S1. The fibrils here lie side by side in a predominant 
direction oriented along the fibre axis. With a thickness 
of 1–5 µm, the S2 wall represents 90% of the fibre mass 
and therefore determines the mechanical properties of 
the fibre. The S3 layer separates the lumen from S2 and 
is 0.1–0.2 µm thick. The angle of the fibrils is 45° to the 
fibre axis (M.Dochia 2012; Mohamed A.L. 2015; [56]. The 
changing and spiralled arrangement of the fibrils results 
in high inherent robustness of the fibres [40, 46, 56]

The influence of humid air or water on the mechanical 
properties of natural fibres is an important topic to be 
addressed in the application of cellulose-based materi-
als. The impact of relative humidity on the elastic modu-
lus or strength has been investigated by authors like [20, 
49, 55]. With an AFM-based indentation method, it was 
possible to check the mechanical properties of wet cel-
lulose and also estimate the Young’s modulus, was in the 
kPa range [27]. Also, nano mechanical mapping by AFM 
indicated a decrease of the DMT modulus in a humid 
environment [1]. Additionally, the bending behaviour of 
humid cellulos fibres could be shown by [2]. Addition-
ally, the viscoelastic properties of pulp fibres could be 
investigated with AFM. The fibres exhibited a decrease in 
the elastic moduli by a factor of 100 after water immer-
sion, and the viscosity decreased by at least three orders 
of magnitude [13]. The breaking load of a single fibre 
depending on the RH could be shown by [30].

Also, numerical studies on mechanical properties 
of single fibres to whole paper sheets were executed. 
[33] showed the humidity influence of the mechanics 
of paper materials by using experimental AFM data to 
develop an numerical model on the fibre network scale. 

In [57] a review of the recent challenges in computa-
tional modelling of paper is introduced. The effect of 
hygroelastic properties of wood fibres was modelled by 
[43].

How moisture is adsorbed in cotton fibres and how 
the dynamics behave in a paper sheet was studied by 
[11]. They showed that the hysteresis is dependent on 
the cellulose content of the fibres. [8] experimentally 
studied the kinetics of the cellulose deposition in devel-
oping cotton fibres.

To date, tensile tests have characterised the tensile 
strength or elastic modulus of cellulosic fibres. An exper-
imental approach to determine the longitudinal elastic 
modulus has been described by [47]. Theoretical works, 
e.g., [39] and [54], established that the MFA in the S2 
layer is the determining factor for the strength of the 
fibre. Soon, it was established that the MFA in the S2 
layer is the factor that determines the strength of the 
fibre. A small MFA angle leads to a high longitudinal elas-
tic modulus [42]. In addition, [3] found that the mechani-
cal properties depend on the orientation of the micro-
fibrils in the S2 layer. Likewise, [58] determined that the 
more closely the microfibrils are longitudinally aligned 
with each other in the S2 layer, the more tensile force 
could be applied. However, the transverse elastic modu-
lus depends, according to Bergander and Salmen, less on 
the S2 layer than on S1 and S3 [5]. Nanoindentation was 
introduced as a method to investigate the different lay-
ers in the fibre. [62] determined the Young’s modulus 
and the hardness of wood fibres via nanoindentation. 
[21] expected in their nanoindentation experiments that 
the Young’s modulus of the S2 layer should be higher 
than the modulus of the other layers.

Sensitive nanoindentation can be performed by atomic 
force microscopy (AFM), which even makes it possible 
to map mechanical properties on the surface [18, 48]. A 
straightforward approach to obtain a picture of the land-
scape of local mechanical properties is “force-volume map-
ping”. In this approach, the force is measured via the canti-
lever de�ection, which leads to force-distance curves. [51] 
extended this method by introducing the “sti�ness tomog-
raphy” method, where they evaluated static force-distance 
curves in segments to show the sti�ness di�erences along 
the indentation path. Thus, it is possible to estimate the 
Young’s modulus of the sample at a desired indentation 
spot for various indentation depths. Previously released 
studies have shown that this approach can be applied to 
soft materials such as cells [59], polymers [14], bacteria 
[35], graphene oxide [15] or collagen �brils [37].

In the following, we discuss how AFM-based nanoin-
dentation can be used to probe the near-surface bulk of 
cellulose �bres under varying environmental conditions 
(relative humidity). Variations in the local nanomechanical 
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properties could be established and related to recovery 
from the hydrated state.

2 Materials and Methods

2.1 Fibres

Processed cotton linter fibres were extracted manu-
ally from a linter paper sheet. The sheet was produced 
according to DIN 54,358 and ISO 5269/2 (Rapid-Köthen 
process). As these fibres were already processed, they are 
referred to as PF in the following. Unprocessed cotton 
linter fibres were manually extracted from a dried natural 
cotton boll. These fibres were raw and unprocessed and 
will be referred to as UPFs. The fibres were fixed on both 
ends on glass substrates.

For hydration, fibres were stored in deionised water 
and allowed to swell for 45 min. It can be assumed that 
the water progressed into the cotton linter test stripes 
in seconds [10, 29]. Typically the free swelling time for 
a whole pulp is 70 min [45]. For single cellulose fibres, 
however, 45 min are enough to reach equilibrium [38]. 
We performed the measurements in the wet state as 
described elsewhere [1]. After incubation the residual 
water droplet was removed before the measurement, 
to avoid further swelling. Overall, nine regions of inter-
est (nine fibres) of every fibre type and condition were 
investigated.

2.2 Atomic Force Microscopy

A NanoWizard II atomic force microscope (JPK Instru-
mentsAG, Berlin, Germany) was used to record maps of 
force–distance curves of the PF and UPF. Two types of 

cantilevers were used. The first type was the RTESPA-525 
(Bruker, Santa Barbara, USA) with a high spring constant 
(HSC) of 162 N/m, a 15° opening angle only at the tip 
end and a radius of 30 nm. The second type was the ISC-
125 C40-R (Team Nanotec, Villingen-Schwenningen, 
Germany) with a high aspect ratio (HAR), an opening 
angle of 10° for 3 µm, a radius of 10 nm and a spring 
constant of 30 N/m. The deflection sensitivity of the can-
tilever (invOLS) was calibrated by performing a force-
distance curve on a hard sapphire surface. Both tip radii 
were taken as stated by the producers and reviewed by 
scanning electron microscopy. Each map had an image 
size of 10 µm × 10 µm with 128 × 128 data points. Force 
curve measurements were carried out at a tip approach 
speed of 20 µm/s and a force setpoint of 3000 nN. Thus, 
128 profiles in xz- and in yz directions for the analysis of 
Elok(z) are created (9 spots per fibre type = 9 × 128x128 
profiles).

2.3 Force-Volume Mapping

Performing force-distance curves allows not only inves-
tigation of the surface nanomechanics but also probing 
of the mechanical properties near the surface. To map 
sub-surface properties, i.e., to obtain a three-dimen-
sional characterisation of the mechanical properties, the 
force-distance was analysed stepwise (30 nm) after the 
contact point d0. Local slopes were interpolated stepwise 

Fig. 1 Principle of the stepwise analysis of a force-distance curve. 
The local �ts are indicated in red. The indentation depth is calcu-
lated as the distance from the contact point

Fig. 2 SE images of the tip geometry for a the HSC cantilever and b
the HAR cantilever. SE images of cross sections for UPF in (c) and (e) 
and for PF in (d) and (f)
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to obtain estimates of the effective local elastic modulus 
as a function of depth Elok(z) (see Fig. 1). Extracted force-
distance curves from the measurements are shown for 
every cantilever type, every fibre type and every environ-
ment condition in the figures S1-S4.

Before analysing the local slopes, the force-distance 
curves had to be processed. The noise was removed by 
a Savitzky-Golay �lter. The slope of the baseline was cor-
rected with a linear �t function to the initial �at region. 
The initial o�set and the inclination (tilting) of the curves 
were corrected. The contact point was identi�ed as the 
�rst point in the repulsive regime (positive slope). More 
precisely, the �rst contact point was identi�ed as the point 
where the force exceeded that of the preceding point by at 
least 10 times the standard deviation of the baseline sig-
nal. The position of the tip over the height z was calculated 
from the de�ection of the cantilever, which transformed 
the force-z-piezo data to a force-distance or force-inden-
tation curve, respectively.

From a two-dimensional map of force-distance curves, 
various parameters were calculated. The topography 
was calculated from the contact points. The penetration 
depth reached at the setpoint (maximum force) yielded 
the maximal indentation. To obtain mechanical informa-
tion at intermediate depths, the data were interpolated 
in a stepwise manner in the approach curve. Thus, for the 
intermediate penetration depths, local �ts were calculated, 
which served as estimates of the e�ective elastic modulus 
assuming Hertzian contact mechanics [28] as

Here, F (unit nN) displays the applied force, E*(unit Pa) 
the e�ective modulus (unit Pa), R (unit nm) the tip radius 
and � the indentation (unit nm).

To obtain good spatial and depth resolution, the AFM 
cantilever was selected such that structures beneath the 
surface could be probed. This was accomplished via two 
di�erent approaches: (i) by using hard cantilevers with a 
high spring constant (HSC) but conventional tips or (ii) by 
using softer cantilevers equipped with extremely sharp 
tips with a high aspect ratio (HAR). By using the HSC can-
tilever, a su�ciently large loading force can be applied 
that the tip probes the structure inside the �bres. In con-
trast, with the HAR cantilever, a large local pressure can 
be obtained at moderate loading forces. Both tip geom-
etries are displayed in Fig. 2 with SE images. The data were 
processed by using MATLAB code. The two-dimensional 
images were generated by using Gwyddion [44], and 
three-dimensional images were created by using Blender 
[12].

(1)F =
4

3
⋅E

∗
⋅ R

1

2 ⋅ δ
3

2

2.4 Scanning Electron Microscopy

The individual cantilever tip shapes were analysed by a 
scanning electron microscope (SEM) (MIRA3, TESCAN, 
Brno, Czech Republic) using secondary electron (SE) 
imaging mode at an acceleration voltage of 10 kV. Both 
tip geometries are displayed in Fig. 2 with SE images. Fur-
thermore, cross sections for each �bre type (UPF and PF) 
were recorded via SEM. They are shown in Fig. 2 c-f ).

2.5 Preparation of Recombinant 
His- and Fluorescence-Tagged 
Carbohydrate-Binding Proteins (CBMs)

The DNA sequences of CBM3a [6, 19, 61] (“semi-crystalline” 
cellulose), CBM1Cel6a (crystalline cellulose) [6, 19] and 
CBM77 [63] (pectin) were taken from the CAZy database 
and linked DNA or protein databases (GenBank, UniProt, 
PDB). The evaluated sequences of Clostridium thermocel-
lum (CBM3a; CCV01464.1, 4JO5), Rumminococcus �avefa-
ciens (CBM77; WP_009983557, 5FU5) and Trichoderma resii
(CBM1Cel6a; AAA34210.1, P07987) were then ordered as 
gene fragments (IDT, Coralville, USA) and cloned via Gib-
son assembly into a self-designed pET28 vector deriva-
tive. CBM-XFP-6xHis fusion proteins were expressed in 
E. coli BL21 cells by induction with IPTG. According to 
the protocols of [6] and “Polymer Probes And Methods” 
(Beauregard), induced cells were homogenised and lysed 
by the utilisation of EmulsiFlex-C3 from AVESTIN® in His-
Trap Binding Bu�er (20 mM NaH2PO4/0.5 M NaCl/pH 7.4 
with NaOH). The desired His-tagged proteins were puri-
�ed by immobilised metal a�nity chromatography (IMAC) 
using a Ni-IDA column (Protino Ni-IDA 2000 packed col-
umn, Macherey–Nagel, Düren, Germany) and eluted with 
200 mM imidazole. Elution fractions were pooled and 
concentrated using ultra�ltration unit �lters (Vivaspin® 20; 
membrane 10,000 MWCO PES, Sartorius, Germany). During 
centrifugation, the imidazole bu�er was exchanged into 
CBM storage bu�er (50 mM Tris HCl; 20 mM NaCl; 5 mM 
CaCl2 × 2H2O; pH 7,4) via dia�ltration.

For �bre labelling, CBMs were diluted 1:1000 (CBM77-
mclover3, CBM1Cel6a-mKOk) or 1:500 (CBM3a-smURFP) 
in ddH2O to a �nal concentration of ~ 40 µg/ml and both 
types of �bres were incubated in it for 5 -20 min each 
(PF 5 min, UPF 20 min). UPF �bres were preincubated for 
30 min with a 0.02% solution of Tween 20 in ddH2O to 
remove or permeate the cuticula of cotton �bres.

According to our research, the �bre structure does not 
change due to the natural process of swelling. SE images 
show no di�erences between dry, swollen and re-dried 
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�bres. This is especially true for cotton linters �bres, which 
have been altered by paper production anyway (lack of 
cuticle and primary wall). It is also true that untreated 
cotton �bres hardly absorb any water, due to a water-
repellent substances in the cuticula and primary wall. 
Surfactants such as Tween 20 which we have used here, 
have direct e�ects on cuticular permeability that are not 
completely understood. However, studies show no change 
in the cellulose �bre structure.

Our studies show that CBMs are able to penetrate 
the cell wall after a short time, but not on the complete 
thickness. The cell wall acts like a molecular sieve. Dyes 
like Calcofluor white or P4B are able to penetrate the 
complete cell wall. Cotton linters �bres in particular can 
also be marked from the inside, as closed systems are no 
longer present due to paper production. Therefore, the 
large lumen of the �bres can be seen particularly well 
here. In principle, a longer incubation time always allows 
a greater penetration depth. This can be seen very well in 
untreated cotton �bres. It can also be seen that with com-
pletely closed intact cells (�bres) the CBMs do not succeed 
in entering the lumen. However, micro-damages occurring 

during preparation are su�cient to obtain the labelling on 
the inside as well.

2.6 3D Fluorescence CLSM Measurements

Confocal xyz series of CBM3a-mClover3-, CBM1Cel6a-
mKOk- and CBM3a-smURFP-labelled �bres were recorded 
with a Leica TCS SP8 confocal system (Leica Microsystems 
GmbH, Mannheim, Germany) using an HyD detector 
with an HCX PL APO 63 × NA 1.2 W CORR CS2 objective 
and the normal scanner system at 512 × 512 pixels in the 
12-bit mode. Z-sections were set at a system-optimised 
value of 0.36 µm or a custom value of 0.2 µm per sec-
tion. Sections were obtained using an appropriate laser 
for excitation and a small range of emission, 10 to 15 nm 
around the emission maximum (mClover3 ex. 488 nm, em. 
505–525 nm; mKOk ex. 561 nm, em. 570–590 nm; smURFP 
ex.635 nm, em. 660–690 nm). Fluorescence channels were 
obtained in sequential frame detection mode to avoid 
cross talk. The position of the images in the 3D stack are 
the middle of each �bre.

(a) (b)

Fig. 3 a 3D representation of the surface pro�le of a PF recorded with a HSC cantilever. The colour in the z-direction encodes the local sti�-
ness beneath the surface. b A cross-sectional pro�le of Elok(z) in the xz- and yz-directions as indicated

Fig. 4 Depth pro�le of Elok(z) 
in the xz-direction of a PF 
mapped with an HSC cantile-
ver in (a) and an HSC cantilever 
in (b) and of UPF mapped with 
an HSC cantilever in (c) and an 
HAR cantilever in (d)
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3 Results and discussion

From the force curve data, a surface topography map was 
calculated. In addition, maps of the local sti�ness at vari-
ous indentation depths were generated. The combined 3D 
representation of the topography with the corresponding 
local sti�ness is shown in Fig. 3. The topography is given 
in a yellow colour scale as 3D representation. The colour 
code in z-direction encodes the local sti�ness beneath. 
In Fig. 3b) the top image shows the minimized Fig. 3a) to 
illustrate that the image at the bottom is a cross section 
through the same �bre with the corresponding local sti�-
ness maps of Elok(z) is shown in the xz- and yz-directions 
at this slice of the mapped �bre.

Figure 3a) shows an overview of the PF surface with its 
local sti�ness maps. A cross section through the �bre with 
the corresponding local sti�ness maps of Elok(z) is shown 
in the xz- and yz-directions in Fig. 3b). The parameter for 
the local sti�ness as a function of the depth beneath the 
surface Elok(z) is meaningful in regions where the �bre 
topography could be mapped with su�cient resolution. 
“Su�cient resolution” here means a feature size of 12.8 
pixels/µm.

In Fig. 4, an overview of cross sections of Elok(z) in the 
xz-direction in the PF and UPF mapped with the di�erent 
cantilever types are shown.

In Fig. 4a), the depth pro�les of Elok(z) in the xz-direc-
tion of a PF mapped with a HSC cantilever in a) and with 
a HAR cantilever in b) are shown. Both depth profiles 
exhibited a hard layer, shown in in yellow. The hard layer 
on the top exhibits a value of 95 ± 15 MPa. A sharp tran-
sition between a hard layer (yellow) and softer material 
(red and blue) can be identi�ed. Thus, a sti�ness gradient 
from the �bre surface to the softer interior was observ-
able. Elok(z) was calculated for each data point, for a total 
of 128 pro�les. All of them showed the same behaviour 
with the hard layer at the surface and sharp transition to 
the softer layer beneath. To verify the trend of Elok(z) in 
the xz- and yz-directions, further pro�les are displayed in 
Fig. 3b), where the topography and the pro�les of Elok(z)
are shown for another cross section. Additionally, here, a 
hard layer (yellow) can be identi�ed above the softer lay-
ers (red and blue). Thus, it is reasonable to assume that 
the PF is covered by a hard layer (or several hard layers 
that could not be resolved). Beneath this top layer, Elok(z)
decreases with further indentation depth. Cross sections 
of the Elok(z) of PF are shown in Fig. 5b). Note that we inves-
tigated nine spots of every �bre type. The cross sections 
in Fig. 4 are representative cross sections only. As UPF and 
PF are natural occurring �bres it is not expected them to 
own the same roughness at the surface.

However, in the �bre or pulp treatment process, the P 
wall is usually milled o�. Thus, it has to be excluded that 
the hard layer on top in the PF presents the S2 layer. To 
verify this, force-volume mapping was applied to the UPFs. 
The UPFs were directly extracted from a natural cotton boll 
and therefore raw and unprocessed, which means that 
all layers should be intact. In Fig. 4c), a depth pro�le of 
Elok(z) in the xz-direction mapped with an HSC cantilever 
and in d) mapped with a HAR cantilever are shown. From 

(a) (b)

(c)

Fig. 5 Depth pro�les of this Elok(z) of (a) a UPF, (b) a PF and (c) a 
combined graph of UPF and PF. In (c), the UPF pro�les are plotted 
in red, and the PF pro�les are plotted in blue. The suggested cor-
responding wall layers are indicated with di�erent colours. The C 
layer is highlighted in dark blue, the P wall in blue, the S1 layer in 
light blue and the S2 layer in grey. The error bars are ± 30% of the 
values. The three pro�les in (a) and (b) were extracted from cross 
sections with a HSC cantilever. The pro�les in (c) were extracted 
with both cantilever types. The maximum indentation in z-direc-
tion was reached for PF with 1233  nm and for UPF 485  nm. Thus, 
we did not consider that the hollow lumen a�ects the measured 
the Elok(z)values

(a) (b)

Fig. 6: 3D images of confocal �uorescence microscopy imaging. 
The �bres are labelled with CBM77 in green (binds to pectin), with 
CBM3a in cyan (binds to “semi-crystalline” cellulose) and with CBM-
1Cel6a in red (binds to crystalline cellulose). (a) UPF �bre and (b) PF 
�bre
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Fig. 4c) and d), it can be seen that the UPF possessed a 
hard layer (yellow) on the �bre surface with softer layers 
beneath (colour coded in red and blue). The Elok(z) in the 
xz-direction decayed with increasing indentation depth. 
Compared to the PF, the UPF exhibits a harder layer on the 
surface at 1 GPa. The indentation depth in all measure-
ments was su�cient to reach the S2 layer depth, i.e., at 
least 300 nm. However, it was observed that the indenta-
tion depth in the UPFs was not as high as that in the PFs. 
Cross sections of the Elok(z) of UPF are shown in Fig. 5a). 
The recorded pro�les in Fig. 5a) and b) are recorded at dif-
ferent regions of interest on di�erent �bres.

We interpret the trend of the depth profile of UPF as 
follows: In UPF, all layers should be intact. Therefore, the 
hard layer (yellow) on the top most likely represents the 
Elok(z) of C with incrustations (eventually with a slight 
crosstalk caused by P). Layer C is a waxy layer contain-
ing cutin, waxes and cell wall polysaccharides, which is 
assumed to be harder than the layer beneath it, which is 
embossed by the fibril structure of cellulose. The slightly 

softer layer beneath (red) might directly represent the 
P wall. In comparison to the C layer, the Elok(z) in the P 
wall is reduced because it contains additives to waxes, 
such as lignin, minerals and cellulose fibrils. Compared 
to the S layers, which are predominantly constructed of 
cellulose fibrils, the P wall with waxes, lignin or miner-
als is therefore harder. At the indentation depth, where 
S1 and S2 should be present, Elok(z) decayed noticeably.

Regarding the question of what happens to the fibres 
when they are processed into paper fibres, we propose 
the following: In the PF, a maximum average value of 
Elok(z) 87 ± 16  MPa was measured (hard layer on the 
top). In UPF, this Elok(z) value is reached at an indenta-
tion depth of 235 ± 58 nm. As the depth of S2 should be 
300–500 nm, this result suggests that in PF, C was com-
pletely removed during the paper production process. 
Additionally, the P and S1 layers were slightly milled off 
in PF, and the lignin content decreased. However, the 
data indicate that the P and S1 layers were not com-
pletely removed during paper production, as the Elok(z)
of the S2 layer was not reached in the first 200 nm. Since 
the P wall has a thickness of 100–200 nm, as does the S1 
layer, it can be assumed that both layers could still be 
partially intact.

In Fig. 5c), further cross sections of Elok(z) UPF (in red) 
and PF (in blue) are shown (150 pro�les for UPF and PF 
each). The suggested corresponding wall layers are indi-
cated with di�erent colours in the graph (see C, P, S1, S2). 
The C layer is highlighted in dark blue, the P wall in blue, 
the S1 layer in light blue and the S2 layer in grey. Figure 5c) 
represents the suggested Elok(z) trend inside the �bre. The 
cross sections of Elok(z) of the PF begin where the Elok(z)
value of the UPF �bre is matched.

To verify our suggested wall structure, we labelled UPF 
and PF with �uorescence protein-tagged CBMs. We used 
CBM77 (binds to pectin, shown in green), CBM3a (binds 
to “semi-crystalline” cellulose (more information in the SI), 
shown in cyan) and CBM1Cel6a (binds to crystalline cellu-
lose, shown in red). 3D confocal �uorescence microscopy 
images of UPF and PF are shown in Fig. 6a) and b).

Both �bre types exhibit a green (pectin) outer layer with 
cyan (semi-crystalline cellulose) parts and a red (crystalline 
cellulose) �bre interior (see Fig. 6). Intensity cross sections 
on single confocal planes reveal the order in which the 
three labelled components are arranged within a �bre wall 
(Fig. 7). By analysing the peak position of the labels, it is 
found that for UPF, the order is green, blue, green and red, 
i.e., pectin, semi-crystalline cellulose, pectin, and crystal-
line cellulose. The pectin signal is found on the outside 
and decays towards the �bre interior but is not found on 
the inside of the �bre wall. The signal for semi-crystalline 
cellulose, in turn, is found only in the �bre wall’s interior, 
and the signal for crystalline cellulose is found only inside. 

(b) (f)

(a) (e)

(c) (g)

(d) (h)

Fig. 7 a Image slice of the confocal �uorescence imaging of a UPF. 
The intensity peaks over the distance of the CMBs in the UPF are 
shown in b for CBM1Cel6a, in c for CBM3a and in d) for CBM77. In 
e, an image slice of the confocal �uorescence imaging of a PF is 
shown. The intensity peaks over the distance of the CMBs in the PF 
are shown in f ) for CBM1Cel6a, in g for CBM3a and in h for CBM77. 
The peaks of the corresponding CBMs are marked in the green 
(CBM77), blue (CBM3a) and red (CBM1Cel6a) boxes
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In mature �bres, the P wall contains pectin, hemicelluloses, 
disordered cellulose �bres and lignin, and the S1 layer of 
the secondary cell wall has portions of pectin and hemi-
celluloses in addition to densely packed parallel cellulose 
micro�brils. Thus, both layers should occur in green but 
can also occur in blue, as both walls also contain “semic-
rystalline” cellulose. Therefore, it can be assumed that the 
green and blue intensity peaks represent the P wall and S1 
layer. The crystalline cellulose is marked in red and can be 
attributed to the S2 layer of the secondary cell wall.

In contrast, in PF, the intensity peaks of the three com-
ponents are closer together, but their signal distribution 
is broader. Similar to UPF, the order of the intensity peaks 
occurring towards the �bre interior is green, blue and red. 
However, in PF, only one peak is found for the green signal, 
which is consistent with the milling o� of parts of P and S1 
during the paper production process.

It was not possible to label the C layer or the di�erent 
layers P, S1, S2 individually with CBMs. The measured inten-
sities and intensity peaks could therefore also display a 
mixture of the di�erent layers of walls. Furthermore, the 
�uorescence CLSM images have a lateral resolution of 
250 nm and an axial resolution of 500 nm. Thus, it is not 
possible to assign the Elok(z) measured with AFM directly 

to the di�erent wall layers with confocal microscopy. How-
ever, the measured order of the occurring intensity peaks 
and the correlation of the labelled parts with the predicted 
�bre structure strongly supports our interpretation of the 
AFM measurements.

In the literature, tensile testing showed that an intact 
S2 layer is the most important factor for the mechanical 
properties of the fibres [3, 58]. From nanoindentation 
experiments, it was inferred that the elastic modulus of the 
S2 layer should be higher than the elastic modulus of the 
other walls [21]. Merely, in the work of [5], the transversal 
elastic modulus was not highly dependent on S2 but on S1 
and S3. The presented results in our work indicate that the 
hardness of the walls/layers and the corresponding mean-
ing of the mechanical properties must be divided in the 
transverse and longitudinal directions. In tensile tests, the 
longitudinal elastic modulus of the �bres is determined 
by pulling at both ends of the �bres. The �bril structure of 
the S2 layer in the �bre is therefore oriented in the tensile 
direction. Hence, a higher resistance in the tensile direc-
tion is achieved. In contrast to the tensile test, in the force-
volume mapping method, the �bre is not pulled at either 
end, but the sti�ness at depth is measured by nanoin-
dentation. Thus, the loading direction is perpendicular to 

(a) (b)

Fig. 8 Fibril orientation in the applied load direction in a the tensile 
test and b force-volume mapping. In the tensile test, the �brils of 
the S2 layer are oriented parallel to the applied force. In the force-

volume mapping, the �brils of the S2 layer are oriented perpendic-
ular to the applied force. Thus, the �brils from the S2 layers can be 
locally bent as shown in �gure (a)

Fig. 9 Cross section of 
Elok(z) in the xz-direction of 
a hydrated PF mapped with 
a an HSC cantilever and b an 
HAR cantilever. Cross section 
of Elok(z) in the xz-direction of 
a hydrated UPF mapped with 
c an HSC cantilever and d an 
HAR cantilever
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the orientation of the �brils of the S2 layer (Fig. 8b). Due 
to the geometry of the indenters used in conventional 
nanoindentation experiments, it is not possible to obtain 
a lateral resolution, as it is by the AFM force-volume map-
ping method. The di�erence in the arrangement of the 
applied force in relation to the �bril orientation in the S2 
layer in the �bre is shown in Fig. 8. Our results are in line 
with [5], who showed that the transversal elastic modulus 
does not depend on S2. This leads to the interpretation 
that a cellulose �bre is resistant to tensile forces mainly 
due to the orientation of the �bril structure in the S2 layer 
in the tensile direction. The resistance against compression 
forces is due to a hard layer on top of the surface, i.e., the 
�bril structure in the P wall.

In the next experiment, PF and UPF were hydrated to 
investigate the di�erence in indentation depth and behav-
iour of the layered wall structures of the �bres.

In Fig. 9, the cross sections of Elok(z) in the xz-direction 
of a hydrated PF mapped with an HSC cantilever (a) and 
with a HAR cantilever (b) are shown. A cross section of a 
hydrated UPF is displayed in c) mapped with an HSC can-
tilever and in d) mapped with an HAR cantilever.

The hydrated PF exhibited fewer areas with a hard top 
layer on the �bre surface (yellow). In most parts, the PF 
showed areas that were attributed to a softer Elok(z) (blue 
or white). In these volume segments, the water molecules 
could break hydrogen bonds, which resulted in a softening 
of the �bre [9, 22, 31, 34]. In only a few areas, the layered 
structure, observed in the dry state, was visible. Therefore, 
it is interpreted that in the hydrated state, the layered 
wall structure of the PF becomes indistinct. The bonding 
between the �brils in each layer could be weakened due 
to the weakening of the H-bonds. Thus, a possible inter-
pretation is that an intact wall structure in each layer can-
not be sustained in the wet state. In the hydrated state of 
the UPF (Fig. 9c and d), a layered structure in the Elok(z)
was observable in most parts of the cross section of the 
�bre. In contrast to the PF, the UPF seemed to preserve 
the layered wall structure in the hydrated state, which is 
suggested to be due to the intact C layer and P wall, which 
prevent the UPF from excessive softening in the hydrated 
state. The higher maximum value of Elok(z) in the UPF com-
pared to the PF supports this consideration. However, the 
maximum value of Elok(z) in the hydrated UPF exhibits a 
lower value than in the dry state. As shown in Fig. 9, the 
indentation depth of a PF in the hydrated state is higher 
than that of the UPF.

At next, the indentation depths in the dry state of both 
�bre types were analysed. The indentation depth in dry 
and in the wet state of both �bre types were averaged. 
The average of the indentation depth of the wet state was 
then set in relation to the dry state to get a measure of 
the loss in sti�ness of the �bre types. In both �bre types, 

an increase of the normalised indentation in the hydrated 
condition was observable. The increase in the indentation 
depth in the wet state compared to the dry state of the PF 
was 32 ± 15%. In the UPF the indentation depth increased 
by 13 ± 9%. Thus, the tip could indent into the PF deeper 
in the hydrated state than into the UPF. This is attributed 
to the �bre or pulp treatment before the paper-making 
process. As mentioned before, the C and small amounts of 
P are removed during the �bre or pulp treatment process 
in the PF. Therefore, predominantly cellulose-based layers 
are present. Hence, the normalised indentation in the PF is 
attributed to the greater softening of the entire cellulose-
based �bre. In contrast, in the UPF, the wax-like layer C 
and the wax-, pectin- and lignin-containing P wall are still 
intact [25]. With the intact composition and structure in 
the UPF, the water molecules cannot easily di�use into 
the �bre. This can be seen as a natural hydrophobization 
to prevent massive water uptake into the UPF. Addition-
ally, the standard deviation of the UPF was ± 0.05 lower 
than that of the PF (± 0.12). The more uniform behaviour 
is consistent with an intact layer structure. As all UPFs were 
extracted from a natural, raw cotton boll, and the �bres 
had the same unprocessed layer structure. Thus, these 
measurements were completed with reproduceable sam-
ples, unlike the processed PF. In the �bre or pulp treatment 
process, the PF pass processes, such as beating or pressing, 
where the original �bre structure is randomly destroyed 
in each �bre. Thus, the higher standard deviation in the 
PF originates from statistics in the �bre or pulp treatment 
before the paper-making process.

To illustrate the variability of the �bre samples, Fig. 9d) 
shows an example where the sti�er top layer is absent 
(phenomenon is also present in other pro�les). This varia-
bility is due to the character of the �bres as a natural prod-
uct. Di�erences in the �bres’ properties can be due to the 
growth process or the extraction and further processing 
of the �bres from the cotton boll/paper sheet. However, 
all depth pro�les (Fig. 5) are drawn at regions of interest, 
where the whole layer structure seemed to be intact.

Furthermore, the in�uence of the cantilever tip system 
geometry was probed. An HSC and an HAR cantilever 
were used to investigate the indentation behaviour. The 
setpoint for both cantilevers was 3000 nN. A higher inden-
tation depth was reached with the HSC cantilever. The dif-
ference between the two indentation depths was 18 ± 6%. 
It was interpreted that with the HAR cantilever, the canti-
lever could not displace as much volume with its lower 
spring constant as the HSC cantilever. But, in all measure-
ments, the desired indentation depth was reached.

Figure S5 shows that the force-volume mapping 
method does not leave an imprint on the �bre surface in 
the scanned area with both types of cantilevers in the dry 
and wet states.
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Moreover, considering the shown force-distance curves 
with the δ

3

2 and δ �t in �gure S1-S4 the choice of the tip 
geometry seems to play a role in analysing the measure-
ments. The local �ts of δ

3

2 and δ(images b), c) for HSC can-
tilevers and e), f ) for HAR cantilevers) are shown in the 
black curves. The blue points are the recorded indentation 
points for the applied forces. In every �bre type and dry 
and wet state the local �ts of the HAR cantilever seemed 
not as accurate as for the HSC cantilever, especially at the 
contact region between tip and sample surface. There it is 
visible that the �ts in the contact region of the HAR canti-
lever lead to a higher sti�ness. As stated in [17] sharp tips 
such as the HAR cantilever could lead to a plastic defor-
mation, which could lead to the measurement of a sti� 
surface layer.

As we also detected this sti� layer on the �bre surface 
with the HSC cantilever, we assume that the hard layer is 
present on the �bre surface. However, the choice of the 
cantilever-tip system should be the HSC.

4 Conclusion

We discuss an AFM-based method to assess the intrin-
sic mechanical properties of cellulosic �bres (processed 
linters and unprocessed cotton). With the local analysis 
of recorded static force-distance curves, we were able to 
measure the local elastic moduli at the �bre surface and 
950 nm beneath the surface. This approach was used to 
investigate how �bre or pulp treatment before paper mak-
ing a�ects the mechanical properties of cotton linter �bres 
at the surface.

In a combined 3D representation, topographic features 
could be directly related to the local mechanical proper-
ties. Dry �bres had a sti�er outer layer (higher Elok(z)) on the 
�bre surface with softer material (lower Elok(z)) beneath. 
The surface of UPF was sti�er than that of the processed 
�bres. For hydrated �bres, however, di�erences in the sti�-
ness pro�le between the processed and unprocessed sti�-
nesses were found. The maximum indentation depth was 
much higher for the processed �bres than for the unpro-
cessed �bres. This observation can be explained assum-
ing that during the �bre or pulp treatment process, the C 
layer and perhaps the P wall were a�ected in the milling 
process. Thus, the processed �bres exhibited a lower Elok(z)
layer on the fibre surface than the unprocessed fibres 
where the wall structure was intact. Assuming that intact 
wax-containing cuticle (C) and primary cell walls (P) serve 
as protection against intruding water molecules explains 
why the mechanical properties of the unprocessed �bre 
were less a�ected by hydration than those of the linters.

These findings are supplemented by microscopic 
observations. On the one hand, the data indicate that 

the P wall is missing in PF, as the external pectin sig-
nal is missing but the primary wall would have a high 
proportion of it. On the other hand, they show that the 
fibre wall in PF is less clearly layered than in UPF, as the 
signal intensity peaks are much closer together and at 
the same time broader than in UPF. Hence, processing 
not only removes the P wall but also affects the clear 
stratification and orderly structure of the fibre wall. Com-
paction, in turn, may result if a structurally challenged 
wall swells and is then dried during the paper-making 
process.

To investigate the in�uence of tip and cantilever prop-
erties on the results, data obtained with (relatively soft) 
cantilevers with high-aspect-ratio tips were compared to 
data obtained with a high spring constant cantilever with 
a standard tip. With both approaches, i.e., either using sti� 
cantilevers or using high aspect ratio tips, an indentation 
depth of a minimum of 300 nm could be achieved, and the 
mechanical sti�ness was probed as a function of inden-
tation depth. A higher maximum indentation depth was 
achieved using the hard cantilever HSC.

The subsurface imaging method proved to be a valu-
able tool for surface near depth-sensitive mapping of the 
local stiffness of cellulosic fibres. Local, i.e., lateral and 
vertical variations in the mechanical properties could 
be investigated and related to features of the fibre wall. 
Furthermore, the recovering behaviour of the layered 
wall structure from the hydrated to the dry condition 
and the potential fatigue could be investigated with the 
presented AFM-based method.

In the long term, cellulose is the only renewable raw 
material that is directly available in su�cient quantities 
and does not have to be produced from other raw materi-
als. Furthermore, plant-based cellulose e.g. from cotton is 
of high research interest as wood-based �bres increased in 
price drastically. Thus, the application in the most diverse 
areas will certainly increase. Possible applications include 
the use of paper as a construction material especially in 
packaging, but also in architecture. Above all, however, for 
applications where papers are already used as so-called 
wet-strength papers, an understanding of �bre stability is 
of crucial interest. The chemicals (wet-strength agents) for 
increasing the wet-strength of paper must be replaced by 
biodegradable alternatives. A characterisation of the �bre 
stability is therefore a central component in order to be 
able to use paper as a sustainable material in in the future.
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