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ABSTRACT

Changes in moisture content of single pulp fibers have an immense influence on

the behavior of paper and paper products. Here, an atomic force microscopy

(AFM)-based method is applied to investigate the viscoelastic properties of pulp

fibers at varying relative humidity (RH) in the transverse direction. Pulp fibers

have not only anisotropic properties, but also a very rough surface due to their

hierarchical structure. For this reason, we have developed a specific load

schedule for the AFM-based test method to overcome uncertainties and limi-

tations due to surface roughness of the pulp fibers. The evaluation of the

experimental data combines contact mechanics and viscoelastic models which

consist of springs and dashpots in series or parallel describing elastic and vis-

cous behavior. Here, it will be demonstrated that the so-called Generalized

Maxwell (GM) model yields comparable results for single pulp fibers at five

different RH values and in water. The moisture changes lead to a decrease in the

elastic modulus but increase in the relaxation effects with increasing RH. All the

determined parameters for the elastic and viscous behavior exhibit a gradual

decrease with increasing RH from 10 to 75% RH. The elastic moduli decrease by

a factor of 10 and the viscosities are decreasing by a factor of 10–20. In water,

there is an even more pronounced decrease of the elastic moduli by a factor 100,

and the viscosities decrease by at least three orders of magnitude compared to

10% RH. This indicates that the mechanical response of pulp fibers in water is

significantly different than in humid air. This is also illustrated by the fact that a

GM model of order two suffices to describe the material behavior in humid air

but a GM model of order three is necessary to fit the material behavior in water.

A possible interpretation is an additional relaxation effect of the pulp fiber wall

in water.
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Introduction

During paper making and processing, the mechanical

properties of pulp fibers are strongly influenced by

varying production and processing speeds and

moisture. It is well known that pulp fibers are

hygroscopic, and the interaction with water is crucial

for the mechanical properties and ultimately for

paper applications. Therefore, it is clearly beneficial

to investigate the viscoelastic properties of pulp fibers

at varying relative humidity (RH). Investigation of

single pulp or even wood fibers is not straightfor-

ward, especially in transverse direction [1]. This is

one reason why information on mechanical proper-

ties in the transverse direction is scarce. The lack of

data also hinders the development of reliable models

in transverse direction [2]. Another complication is

the large variability of the material itself. The cell wall

of a wood fiber is composed of a matrix of amor-

phous material which is surrounded by fibrils and

consists of different layers (primary, S1, S2 and S3

layer) [3] which differ in thickness, chemical com-

position and fibril alignment. The S2 layer is the

thickest and dominates the mechanical properties of

the fiber [4]. Compared to the S2 layer, the S1 and S3

layers are much thinner, and during pulping the so-

called primary layer usually gets removed due to its

high lignin content and random fibril alignment.

For wood, attempts to describe viscoelastic

behavior have been made on pine specimens along

the grain [5] and on green wood in transverse

direction [6]. The transverse mechanical properties of

pulp and wood fibers have been investigated with

different methods before. Earlier investigations of the

transversal elastic modulus were based on lateral

compression of wet fibers [7–9]. Also, tensile testing

in an Environmental Scanning Electron Microscope

(ESEM) utilizing image analysis has been developed

for radial double-wall cut wood strips [10]. More

recently, atomic force microscopy (AFM) [11] meth-

ods have proven to be very useful. AFM makes it

possible to access the fiber surface on the nanoscale.

Although it is most often used for the characteriza-

tion of the morphology [12–14], the AFM probe can

also be used as a force sensor. This way, a wide range

of single fiber properties have been investigated like

the flexibility [15] and conformability [16] of wet

fibers. The creep behavior of wet fiber surfaces of

hardwood chemi–thermo–mechanical pulp and

softwood kraft pulp has been studied as well [17].

AFM-based nanoindentation (AFM-NI) [18, 19] has

been applied to characterize the mechanical proper-

ties of pulp fibers under controlled humidity. The

results of AFM experiments can even help deepening

the knowledge of fiber–fiber bonding [20] which is

crucial for the understanding of paper performance

[21]. In conclusion, viscoelasticity has been investi-

gated for wood [5, 6], creep for hemp and pulp fibers

has been studied only in longitudinal direction

[22, 23]. In transverse fiber direction, however, only

elastic properties have been studied [7–10].

To investigate viscoelasticity, two different exper-

imental approaches are possible in general [24]. One

option is dynamic measurements. Here, stress or

strain is varied sinusoidally with time, and the

response is measured at different frequencies. This

approach has been used for, e.g., longitudinal vis-

coelastic properties of hemp fibers [22]. A dynamic

AFM approach operating in a frequency range of

10 kHz to 1 MHz is contact resonance AFM (CR-

AFM). Here, the change in the resonance curve

between the free oscillation and during contact with

the sample surface can be used to determine the

viscoelastic properties semi-quantitatively. For the

characterization of wood cells, CR-AFM has been

applied, and it was observed that the obtained con-

tact modulus yields lower values than nanoindenta-

tion [25].

Another approach to test viscoelasticity is a tran-

sient experiment. Here, the material is deformed, and

the response is measured for a chosen time interval. If

a constant strain is applied and the stress response is

measured, the experiment is called stress relaxation.

Keeping the stress constant and measuring the strain,

on the other hand, corresponds to a creep compliance

measurement. To locally characterize the viscoelastic

properties dedicated AFM experiments, contact

mechanics needs to be combined with a viscoelastic

model. This has already been achieved in several

ways. One straightforward possibility is to extract the

time-dependent elastic modulus from a viscoelastic

model and insert it in an arbitrary contact mechanics

theory [26, 27]. Another approach is based on the

simulation of the tip-sample contact [28–30].

In the present work, the creep compliance of single

pulp fibers will be investigated employing contact

mechanics in combination with an appropriate linear

viscoelastic model. This method has been already

successfully applied to the well-known polymers
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polycarbonate and poly(methylmethacrylate) [31].

There, comprehensive validation of the method has

been carried out by comparing the AFM-based mea-

surement results to tensile testing and nanoindenta-

tion. Additionally, it was proven that the method can

be applied to viscose fibers and provides values for

the elastic properties which are comparable to AFM-

NI results. Here, it will be demonstrated that a rather

simple viscoelastic model is sufficient to obtain valid

results in transverse fiber direction at different RH

values for a hierarchically complex material like pulp

fibers. During the experiment, the S1 layer surface is

tested with our AFM-based method to obtain local

creep curves. Afterward, we are employing a Gen-

eralized Maxwell (GM) model. The elastic behavior

will be described by the parameters E?, E1, E2, and

the viscous behavior will be characterized by the

viscosities g1 and g2. Additionally, three auxiliary

parameters can be defined, the two relaxation times,

s1 and s2, and the instantaneous modulus E0, which

are helpful to interpret the relaxation behavior.

Methods and materials

Atomic force microscopy

All measurements in this work have been acquired

with an Asylum Research MFP-3D AFM. The

instrument is equipped with a closed-loop planar x–

y-scanner with a scanning range of 85 9 85 lm2 and

a z-range of about 15 lm. Topography measurements

were recorded in intermittent contact mode with

standard silicon cantilevers (Olympus AC160-TS,

Japan) with a nominal tip apex radius of about 10 nm

and a nominal spring constant of 30 N m-1. For the

viscoelastic measurements, LRCH250 silicon probes

(Team Nanotec, Germany) have been used. The

spring constant of the cantilevers in use is (296 ± 46)

N m-1 and has been calibrated by performing the

thermal sweep method [32] (values are given as

mean ± standard deviation calculated from 12 inde-

pendent measurements). The thermal Q factor is

783 ± 160 and the resonance frequency is (593 ± 11)

kHz. For measurements in water, the calibration of

the LRCH250 probes was difficult due to the high

stiffness of the cantilever. Therefore, a softer LRCH40

(Team Nanotec, Germany) probe was chosen instead.

Again, the calibration of the spring constant was

performed after [32]. The spring constant of this

cantilever is (70.8 ± 1.2) N m-1, the thermal Q is

10.4 ± 0.08 and the resonance frequency is

(209 ± 0.5) kHz (values are given as mean ± stan-

dard deviation calculated from 6 independent

measurements).

Since the contact between tip and sample surface is

crucial for mechanical characterization by AFM, the

tip geometry of the probes was checked with a TGT01

(NT-MDT, Russia) calibration grid. Utilizing the tip-

sample dilation principle [33], it is possible to image

the AFM tip by scanning across a grid of sharp

spikes. For the hemispherical LRCH250 and the

LRCH40 probes, the tip radii were found to be

(307 ± 21) nm and 345 nm, respectively. The main

reason for using these probes with large tip radii was

that the investigation of a larger surface area is pos-

sible. Additionally, higher forces can be applied with

the indentation depths and strains remaining low.

The strain should be small to claim linearity of the

elastic and viscous response. This needs to be espe-

cially considered for investigating biological materi-

als because they usually function at high strains and

show nonlinear response [24, 34].

To investigate the pulp fibers in an environment

with defined RH, the AFM was equipped with an

Asylum Research closed fluid cell which can be

controllably flushed by nitrogen.

The sensor to monitor RH and temperature

(SHT21, Sensirion, Staefa, Switzerland) was placed

directly inside the fluid cell, very close to the steel

sample holder. This RH setup has been successfully

employed before, and a more detailed description

can be found in [18]. AFM measurements with sam-

ples immersed in distilled water were also conducted

in a fluid cell to prevent damage of the AFM by

leaking water. A water droplet with a diameter of

about 10 mm covered the fibers completely and

remained there for a whole day enabling long-time

measurements.

For the measurement of mechanical properties

with the AFM, the probe needs to get in contact with

the surface. To achieve this contact, the AFM tip is

approached to the surface with a velocity of 1 lm s-1

until a so-called trigger point of about 300 nN is

reached. From this point onward, a force-indentation

curve is recorded [35].

To determine the viscoelastic properties, the load

schedule presented in Fig. 1 is applied. This is a

modification of the load schedule which has been

already presented and thoroughly discussed
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elsewhere [31]. Here, only the important points will

be emphasized. The load schedule consists of two

main parts (I, II) which will be explained in the fol-

lowing. In part I, a small load of 800 nN is applied to

measure the initial indentation due to adhesion.

Next, a high load of 20 lN is applied for 10 s to

introduce plastic deformation to the sample surface

(the interaction between tip and sample is indicated

with icon (a) in Fig. 1). Here, also values for the

reduced modulus Er and hardness H according to the

method of Oliver and Pharr [36] are obtained.

Additionally, the plastic deformation makes it pos-

sible to characterize the contact between tip and

sample surface in a more defined way. It is assumed

that most of the local roughness is reduced due to this

deformation and that the contact between tip and

surface can be described as contact in a hole (icon

(b) in Fig. 1). Due to the high load application, also

further plastic response in part II is assumed to be

eliminated.

After the plastic deformation, an unloading force of

1 lN is applied for 30 s. This is needed to account for

viscoelastic effects and thermal drift in the AFM-NI

evaluation. Then, only the trigger force is applied for

300 s to let the surface recover (icon (b) in Fig. 1). At

the end of part I the surface has a well-defined shape

due to the plastic deformation, as described in detail

in [31]. The defined surface after plastic deformation

can be used to model the viscoelastic response of the

material in part II. There, a load of 5 lN with a

loading rate of 3.2 lN s-1 is applied for 240 s, and the

viscoelastic response or creep is measured (icon (c) in

Fig. 1). The obtained creep curves are used for the

evaluation of the viscoelastic properties.

With increasing RH value, the indentation depth

for a fixed load of 5 lN increased in part II only

slightly with dmax (RH) = 0.6 nm %-1, resulting in a

maximum penetration depth of about 60 nm at 75%

RH. However, measurement attempts of the fiber

surfaces in water applying the same load schedule

resulted in very high indentation depths (more than

1 lm). Due to that observation, the assumption that

the surface is only elastically deformed during part II,

could not hold anymore. For this reason, the load

schedule was changed to lower force values. As

indicated in Fig. 1, in part I only a load of 5 lN
instead of 20 lN is applied, and in part II the load is

adjusted to 1 lN. The load rates are identical.

Contact mechanics and adhesion

A contact mechanics model is required to relate the

force and indentation depth measured in the experi-

ment to the stress and strain in the viscoelastic model.

The simplest model is based on the Hertz theory [37],

which does not consider adhesion. When the AFM

probe retracts from the sample surface, a negative

force is needed to separate the tip from the surface.

(a) (b) (c)(a) (b) (c)Figure 1 Applied load

schedule for the measurements

at varying RH (solid line) and

for the measurements in water

(dashed line). The load

schedule has two main parts.

In part I, the fiber surface is

plastically deformed and

afterward relaxed for 300 s. In

part II, a creep curve is

recorded, and the viscoelastic

response is tested. The icons a,

b and c indicate the tip—

sample interaction at different

loads.
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This force is equivalent to the adhesion force and can

be easily determined. Since it was found that adhe-

sion during the experiments is between 100 and 900

nN, it cannot be neglected. For this reason, the

Johnson–Kendall–Roberts (JKR) model [38], which

does include adhesion, is the best option. It applies

especially to the contact of a large radius probe with a

soft sample surface [39]. Details on how the JKR and

the viscoelastic model are combined and a study on

the influence of adhesion is described in [31]. The

fundamental equations of [31] which are used for the

evaluation are outlined in the following: The defini-

tion of the equivalent loading force that accounts for

adhesive effects F* is,

F� tð Þ ¼ F tð Þ þ 2Fad þ 2 FadF tð Þ þ F2ad
� �1=2

; ð1Þ

where F(t) is the force applied during the experiment,

and Fad is the adhesion force. With this F*, stress and

strain can be obtained according to the JKR theory:

r tð Þ ¼ 3F� tð Þ
8Rd tð Þ 1� 4

3

Fad
F� tð Þ

� �1=2
 !2

; ð2Þ

where d(t) is the experimentally determined inden-

tation depth and R is the effective radius of the con-

tact between tip and surface.

Finally, the corresponding uniaxial strain equiva-

lent is:

e tð Þ ¼ 1

2

d tð Þ
R

� �1=2

1� 4

3

Fad
F� tð Þ

� �1=2
 !1=2

: ð3Þ

This enables the stress–strain relation in the form of

Hooke’s law r ¼ Ee, commonly used in contact

mechanics [40].

Viscoelastic models

Viscoelastic materials exhibit both, elastic and vis-

cous characteristics when undergoing deformation

and therefore, have a time-dependent behavior.

There are different ways to describe viscoelastic

material’s response [24, 41]. One possibility would be

the application of Prony series to describe the relax-

ation or creep time spectrum [42]. In this work, vis-

coelasticity is represented with linear differential

equations. They arise from different combinations of

Hookean elastic springs (denoted elastic moduli Ei)

and Newtonian viscous dashpots (denoted viscosities

gi) describing elastic and viscous behavior,

respectively [43] (Fig. 2a, b). It is a useful tool to get

an understanding of the complex material behavior at

hand.

Viscoelastic models with only a spring and dashpot

in series or parallel are too simple to establish a

complex material model. On the other hand, models

with too many parameters are difficult to interpret

and make parameter identification challenging. Here,

the Generalized Maxwell model of order two (GM2)

proved to be appropriate and is presented in Fig. 2c.

It consists of three springs (E?, E1, E2) and two

dashpots (g1, g2). The combination of spring and

dashpot in series (E1 and g1, E2 and g2) are so-called

Maxwell elements. For each of these elements, it is

possible to define a characteristic time, the relaxation

time:

si ¼
gi
Ei

; ð4Þ

the ratio between viscosity gi and elastic modulus Ei

of the ith Maxwell element. In other words, the

relaxation time is the time constant si defining the

restoring behavior of a Maxwell element, which

(a) (b)

(c)

Figure 2 Viscoelastic models. a A Hookean spring represents

linear elastic behavior, and b a Newton dashpot describes linear

viscous behavior. In c, the Generalized Maxwell model of order 2

is depicted. It consists of three springs E?, E1, E2 and two

dashpots g1, g2. Each dashpot is in series with a spring and forms a

so-called Maxwell element.
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relaxes proportionally to e
� t

si . Upon loading with a

constant strain, the stress in a Maxwell element is

decaying by the factor 1/e after the time si has passed.
The GM2 model provides an upper and lower limit

for the material’s elastic modulus. If the loading is

infinitely slow the strain rate _e ! 0. This means only

the infinite modulus E1 remains, E1 and E2 are zero.

At infinitely fast loading, the dashpots become rigid,

and only the springs deform leading to an instanta-

neous elastic modulus E0 ¼ E1 þ E1 þ E2.

The corresponding constitutive equation for the

GM2 model is

r ¼ Aeþ B _eþ C€e�D _r� E€r; ð5Þ

with the coefficients A ¼ E1,

B ¼ E1s1þE2s2
E1

þ s1 þ s2
� �

E1, C ¼ s1s2 E1 þ E1 þ E2ð Þ,
D ¼ s1 þ s2, and E ¼ s1s2 [31].

Since this is a differential equation of second order,

two initial conditions need to be defined. One is the

initial indentation d0. The force at the beginning is not

zero, but equivalent to the applied trigger force,

therefore, the tip is penetrating the surface by about

5–10 nm. The d0 values can be determined from the

experiment [31]. Secondly, an initial indentation rate

needs to be defined which is assumed to be zero.

Single fiber samples and preparation

The investigated single fiber samples were industrial,

unbleached (Kappa value j = 42; indicates the

residual lignin content of the pulp), once dried and

unrefined softwood kraft pulp fibers (Mondi Frant-

schach, Austria). These pulp fibers are a mixture of

spruce and pine fibers with a length between 3 and

5 mm and a diameter of about 20–30 lm. The

wood—used for the industrial pulp investigated

here—contains both, trees from thinnings (juvenile

wood) as well as sawmill chips (mature wood).

Fibers are wood cells with closed ends and so-

called bordered pits which are cavities in the cell wall

that provide liquid transport between individual

cells. They are also essential for the identification of

softwood species in pulp. Here, the geometrical form

of the pits is important and can be identified for

collapsed fibers with transmitted light microscopy.

Spruce fibers are characterized with oval to round

pits, while pine fibers show window-like, rectangular

pits [44]. Measurements in this work have been per-

formed on four spruce and two pine fibers. From the

shape and size of the pits, we think it is more likely

that we have investigated earlywood fibers; however,

this is uncertain. These fibers were all in the collapsed

state. For the investigation of the mechanical prop-

erties with AFM, it is crucial that the fibers are fixed

to a substrate and prevented from bending during

load application. This is achieved by gluing the fiber

with nail polish on a steel sample holder [20, 45].

Ideally, the fiber is embedded in the nail polish with

only the surface of the fibers accessible for the mea-

surements. Using this preparation procedure has

proven to work for pulp fibers before [18].

To ensure that the fibers were tested in equilibrium

moisture content, the sample was equilibrated over-

night for at least eight hours at the desired relative

humidity level. For measurements in water, the fibers

were immersed in water for about 24 h before testing.

Outlier detection

The experimental data were examined with the

Grubbs test [46], which tests normally distributed

data for outliers. The test statistic g is obtained by:

g ¼ xi � xmeanj j
s

; ð6Þ

where xi is the ith measured value, xmean is the mean

and s is the standard deviation. The resulting g is

compared to a table of critical values with significance

level a of 0.01. If g is greater than the critical value, the

corresponding value will be regarded as an outlier.

Results and discussion

Figure 3 shows an exemplary 5 9 5 lm2 AFM image

of a pulp fiber at 60% RH on which individual mea-

surement points in smooth-looking regions were

selected for the viscoelastic testing. The topography is

presented before (Fig. 3a) and after (Fig. 3b) loading

with the schedule presented in Fig. 1. As can be seen,

the pulp fiber has a very rough surface which is

dominated by wrinkle-like structures. Mostly the

surface of the S1 layer has been investigated which

was confirmed in earlier morphological studies with

AFM [47]. In Fig. 3a, the diameter of the AFM probe,

which is about 600 nm, is indicated by white dots. At

the rather smooth positions of the dots, the vis-

coelastic testing experiment has been performed.

Notably, the wrinkles on the pulp fiber surface are in
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the same lateral size range as the diameter of the

AFM tip. During measurement, lateral movement,

e.g., bending, of these wrinkles cannot be excluded.

However, it is assumed that most of this movement

should take place during the plastic deformation.

There, much higher loads are applied than during the

viscoelastic testing. In Fig. 3b, the same pulp fiber

surface is shown after the testing experiment. The

white dashed circles indicate the permanent holes at

the measurement positions, which have been formed

during the AFM-NI part of the experiment.

Altogether, six pulp fibers, four spruce and two

pine fibers, have been investigated for their vis-

coelastic properties. Measurements have been

obtained at 10%, 25%, 45%, 60% and 75% RH.

Additionally, each fiber was measured while

immersed in water.

Unfortunately, it was not possible to perform

measurements at higher RH levels than 75% RH since

condensation occurred in the AFM fluid cell during

the long overnight equilibration and resulted in

unstable measurement conditions. It should be noted

that for the viscoelastic data evaluation of each

measured region (corresponding to a 5 9 5 lm2

window like in Fig. 3) an average curve of the indi-

vidual measurement points (9 measurement points in

Fig. 3b) has been calculated. The reason was to

reduce the influence of thermal drift and signal noise,

especially at lower RH, as described in more detail in

[31].

For every fiber and each RH datapoint, at least

three independent positions with at least eight indi-

vidual measurement points per position should have

been tested. These measurements are, however, not

straightforward and subject to several factors of

influence. First, pulp fibers show a high variability

and sample preparation is difficult. The difficulties in

sample preparation are mainly attributed to the

fibers’ geometry that hinders a firm and uniform

contact with the nail polish embedding. Second, the

selected AFM probes had a large tip radius that

resulted in a low lateral resolution. It could not be

assured that every measurement point was set on a

sufficiently flat area. Third, the tip can become con-

taminated during measurements, which will influ-

ence the measurements by a change in contact area.

This is often indicated by an increase in adhesion

force due to the tip contamination. All these factors

resulted that for every RH except 45% and 60% RH,

measurements on only five individual fibers have

been obtained. In detail, for 10% RH, 8 positions (44

indents), for 25% RH, 8 positions (61 indents), for 45%

RH, 14 positions (123 indents), for 60% RH, 15 posi-

tions (117 indents), for 75% RH, 9 positions (64

indents) and in water, 17 positions (105 indents) have

been obtained. At low RH, the fiber surface is so stiff

that the AFM probe only penetrates a few nm. The

signal–noise ratio is high even after averaging and,

thus, the fitting quality was not good. At high RH

and in water, some positions showed higher inden-

tation depths and plastic deformation could not be

1 μm

1 μm

(a)

(b)

Figure 3 The effect of indentation visualized with AFM

topography images. a AFM topography image (z-scale: 900 nm)

before the viscoelastic testing experiment on a pulp fiber at 60%

RH. The dots indicate measurement points, and the dot size

corresponds to the diameter of the AFM tip. b AFM topography

image (z-scale: 900 nm) of the same position after the experiment.

The white dashed circles mark the holes from AFM-NI.
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fully ruled out even though in water the applied load

was already lowered. Additionally, every fit that

resulted in relaxation times outside the experimental

window between the load time of 1.56 s (0.31 s in

water) and 240 s was eliminated. This lower and

upper limit was introduced to avoid misinterpreta-

tion of the relaxation behavior and only considering

the experimental time scale.

In Fig. 4, representative experimental creep curves

and the corresponding GM2 fits for all RH values are

presented. As expected, the indentation depth and

the initial slope of the experimental curves are

increasing with increasing RH. The curves are fitted

very well by the GM2 model. For more dynamic

loading processes, the smaller time scale is very

interesting, a closer look at the first 20 s of the mea-

surements is provided in Fig. 4b. Also, in this range,

the fits follow the experimental data very well, only

at 75% RH the fit shows a slight initial deviation. The

situation is different for fibers in water. A resulting

creep curve for a measurement position in water with

GM fits is presented separately in Fig. 5.

Figure 5a shows a representative experimental

curve for a pulp fiber in water fitted with the GM2

model. In contrast to the data presented in Fig. 4, the

indentation depth increased further, although

according to Fig. 1, only 1 lN load has been applied

during the creep experiment. As is clearly apparent

in Fig. 5a, the GM2 approach is not fitting the data

appropriately over the whole experimental time scale

of 240 s. A possibility to improve the fitting is to add

a third Maxwell element by using the Generalized

Maxwell model of order three (GM3). To avoid too

many fitting parameters and convergence problems,

the values for the relaxation times were fixed for the

evaluation procedure (s1 = 1 s, s2 = 5 s, s3 = 100 s),

and only the four parameters for the elastic moduli

were fitted. (For the GM2 model, the fixation of the

relaxation times to s1 = 5 s and s2 = 100 s, i.e., the

mean values of the relaxation times at 75% RH, was

also tried but was not successful.) After different

Figure 4 a Representative experimental creep curves at 10%,

25%, 45%, 60% and 75% RH with the corresponding fit curves as

dashed lines. In b a closer look at the first 20 s of the experiment

is provided.

Figure 5 Comparison of the fits of the GM2 and the GM3 model

for the same representative experimental curve of a measurement

position under water. a Experimental creep curve (violet) with the

GM2 fit as a black dashed line. In the inset, the first 10 s of the

same experiment are presented. b Experimental creep curve (blue)

with the GM3 fit as a black dashed line. In the inset, the first 10 s

of the same experiment are presented.
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fitting attempts, the most reasonable results were

obtained by the introduction of a small relaxation

time of s1 = 1 s. In Fig. 5b, the same experimental

curve as in Fig. 5a was fitted with the GM3 model.

Overall, the fit shows little deviation and the GM3

model proves to be better suitable for the evaluation

of the experimental curves in water. This indicates

that an additional relaxation time is needed to

describe the viscoelastic behavior in water accurately.

Pulp fibers are porous, and in water the pores inside

the cell wall are more likely to be filled up with water

than pores of fibers in air. During penetration, the

AFM tip might be displacing a water network and,

thus, interfering with it [48]. Here, another approach

could be using a poroelastic model to fit the data in

water. It has been demonstrated that for nanoinden-

tation experiments on hydrogels a poroelastic model

showed superior fitting performance compared to a

viscoelastic model [49].

In Fig. 6, the resulting viscoelastic properties and

their dependence on relative humidity are presented.

The presented results for all RH levels have been

obtained from the GM2 model, only for the water

measurements, the parameters of the GM3 instead of

the GM2 model are indicated. No significant differ-

ence was detected between spruce and pine pulp

fibers. Hence, the results from both fiber types were

combined. The values presented in the diagrams are

mean values obtained from six fibers. The corre-

sponding values for each RH are also presented in

Table 1. For water, the values of the GM2 and the

GM3 model are compared in Table 2.

In Fig. 6a, the elastic moduli E?, E1, E2 and E0 are

presented. Since the water measurements have been

evaluated with a GM3 model, an additional elastic

modulus E3 is introduced for the H2O data. In gen-

eral, the elastic parameters show a continuous

decrease over the whole RH range. From 10% RH to

75% RH, the decrease is by a factor of 10. In water,

however, the values drop by about three orders of

magnitude compared to 10% RH. This jump-like

decrease was already found for the reduced modulus

and the hardness of pulp fibers with AFM-NI [18, 50].

It is generally known that the behavior of pulp fibers

under water is different than for varying RH, but the

mechanisms at work are still not clear. Immersed in

water, the elastic moduli drop by a factor of 1000.

Here, the values for E3 are comparable to hydrogels

like agarose and alginate [51, 52]. Cellulose is known

to form hydrogels as well [53]. These gels have

shown a similar behavior in terms of relaxation

behavior [54] and elastic modulus [55] like we have

found in the current study. Recent molecular

dynamics simulation of the S2 layer of wood fibers

also suggest the formation of a water network at high

moisture content [48].
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Figure 6 Semilogarithmic plots showing the RH-dependence of

a elastic moduli E?, E1, E2 and E0, b viscosities g1 and g2, and
c relaxation times s1 and s2 of the GM2 model for 6 different pulp

fibers. The mean values are plotted with the corresponding

confidence intervals of 95%. For the GM3 fit of the water

measurements, E3, g3 and s3 are also included.
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Figure 6b presents the data for the viscosities at

each RH. The behavior of the viscosities g1 and g2
with increasing RH is similar to that of the elastic

moduli. Until 75% RH, the viscosities are decreas-

ing by a factor of 10–20. Again, the—by far—lowest

viscosities are observed when immersed in water.

Here, the results for the three viscosity parameters

g1, g2, and g3 of the GM3 model in water decrease

by 3 to 4 orders of magnitude compared to 10%

RH.

In Fig. 6c, the relaxation times s1, s2 and, for water,

s3 are presented. They show a rather steady behavior

between 10% RH and 75% RH. There is a slight

decrease by a factor of about 2, but it is not as pro-

nounced as for the elastic moduli and viscosities.

Equation 4 states that the relaxation time is defined

as the ratio of viscosity and elastic modulus. For the

GM2 model, between 10% RH and 75% RH, the

elastic moduli E1, E2 and the viscosities g1, g2
decrease similarly, thus the ratio remains quite con-

stant. As discussed earlier with respect to Fig. 6, the

behavior in water is different, and a further Maxwell

element is needed to fit the experimental data prop-

erly. With the introduction of an additional relaxation

time s1 fixed at 1 s and s2 and s3 at 5 s and 100 s,

respectively, the results for the elastic moduli and

viscosities show less scattering and seem more rea-

sonable. On the one hand, this effect could result just

from an accelerated relaxation of the material in

water. On the other hand, this could indicate an

additional relaxation mechanism of the water satu-

rated fiber wall that cannot be found in the investi-

gated humidity range between 10% and 75% RH. If in

water, the surface of the pulp fiber behaves more gel-

like, the effect of migration of the water molecules

underneath the indenter must be considered. This

process is described by poroelastic deformation, and

a poroelasticity approach would be needed to

characterize hydrated cellulose networks [54]. How-

ever, such measurement would require a significant

change in the experimental approach, which would

go beyond the scope of this study.

Tables 1 and 2 list the results of the viscoelastic

evaluation for the elastic (E?, E1, E2, E3, E0) and

viscous (g1, g2, g3) parameters as well as the relax-

ation times (s1, s2, s3) for all RH and water data

points. In Table 3, the values for reduced modulus Er

and hardness H obtained from the AFM-NI part of

the load schedule (see Fig. 1, part I) of each RH and

water data point are presented. Using AFM-based

nanoindentation, the Er values in Table 3 are directly

measured from the unloading slope of the force-dis-

tance curve after plastic indentation [19, 36], which is

a totally different approach than fitting viscoelastic

spring-dashpot models to the time response after

indentation in the non-plastic regime like in Tables 1

and 2. Comparison of the results for E0 at different

RH and in water (Tables 1, 2) with the corresponding

reduced modulus Er values obtained from AFM-NI

(Table 3) reveals that the values are in the same

range. Moreover, the results of Er and H obtained

from AFM-NI show the same decreasing trend with

increasing RH. This can be considered as an addi-

tional validation of the novel viscoelastic evaluation

for pulp fibers presented here. For a detailed com-

parison of our elastic results to values for the trans-

verse elastic modulus measured with other

experimental techniques in the literature, please refer

to the electronic supplementary information. The

values in the literature show a high variation, which

indicates the experimental difficulties associated with

measurements in transverse fiber direction. In sum-

mary, the values for the elastic modulus obtained

from the viscoelastic AFM-based method in this work

are on the lower end, but still in the range of the

existing literature.

Table 1 Results for the viscoelastic properties evaluated with the GM2 model

Relative humidity RH/% E?/GPa E1/GPa E2/GPa E0/GPa g1/GPa s g2/GPa s s1/s s2/s

10% RH 2.2 ± 0.96 1.7 ± 1.05 3.3 ± 1.80 7.2 ± 2.71 21 ± 14 457 ± 325 9 ± 4 138 ± 31

25% RH 1.2 ± 0.26 1.3 ± 0.42 1.3 ± 0.65 3.8 ± 1.19 9 ± 3 160 ± 80 7 ± 2 130 ± 21

45% RH 1.1 ± 0.31 1.0 ± 0.31 0.7 ± 0.20 2.8 ± 0.59 7 ± 3 84 ± 26 7 ± 1 122 ± 13

60% RH 0.7 ± 0.14 1.1 ± 0.25 0.3 ± 0.11 2.1 ± 0.43 5 ± 2 36 ± 14 5 ± 1 116 ± 13

75% RH 0.4 ± 0.09 0.8 ± 0.11 0.1 ± 0.09 1.3 ± 0.18 4 ± 1 15 ± 8 5 ± 1 99 ± 6

The values are given as mean ± confidence interval of 95% obtained from 8 positions (44 indents) for 10% RH, 8 positions (61 indents)

for 25% RH, 14 positions (123 indents) for 45% RH, 15 positions (117 indents) for 60% RH and 9 positions (64 indents) for 75% RH
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Conclusions

An atomic force microscopy-based method has been

applied to investigate the viscoelastic properties of

pulp fibers in transverse direction. This method has

been successfully validated by the investigation of

well-known polymers like polycarbonate and

poly(methylmethacrylate) earlier [31]. In the present

work, combining contact mechanics with the vis-

coelastic GM2 model allowed to measure creep on

pulp fibers very locally and in transversal direction.

Measurements have been carried out at different RH,

ranging from 10% RH to 75% RH, and in water. The

parameters from the GM2 model provide a good

quantitative description of the transversal viscoelastic

behavior at different moisture content. All the results

for the parameters of the elastic and viscous behavior

show a gradual decrease with increasing RH until

75% RH. From 10% RH to 75% RH, the elastic moduli

decrease by a factor of 10. Until 75% RH, also the

viscosities are decreasing by a factor of 10–20. Com-

pared to that decrease, the relaxation times show a

rather steady behavior between 10% RH and 75% RH.

For fibers immersed in water, the decrease is even

more pronounced. The values for the elastic moduli

drop by a factor 1000 and the viscosities show a

decrease in at least three orders of magnitude com-

pared to 10% RH. This indicates that the mechanical

behavior and, therefore, the interaction between pulp

fibers and water is different in water than at lower

RH up to 75% RH. One explanation would be an

additional relaxation mechanism, which corresponds

to introducing a third Maxwell element to form a

GM3 model. Also, other effects like poroelasticity

Table 3 Results for the reduced modulus Er and hardness

H obtained from AFM-NI

Relative humidity RH/ % Er/GPa H/MPa

10% RH 6.3 ± 2.02 388 ± 71

25% RH 3.9 ± 1.15 327 ± 58

45% RH 2.2 ± 0.39 204 ± 35

60% RH 1.4 ± 0.25 146 ± 22

75% RH 0.9 ± 0.17 85 ± 21

H2O 0.07 ± 0.01 8 ± 2

The values are given as mean ± confidence interval of 95%

obtained from 8 positions (44 indents) for 10% RH, 8 positions

(61 indents) for 25% RH, 14 positions (123 indents) for 45% RH,

15 positions (117 indents) for 60% RH, 9 positions (64 indents)

for 75% RH and 17 positions (105 indents) in water
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should play an increasingly dominating role in water

because pulp fibers in the wet swollen state are

known to form a cellulose hydrogel-like structure

[56, 57] and the faster relaxation of the material in

water could be related to the displacement of water

from the pores due to the pressure of the indentation.

Comparing the data with the AFM nanoindentation

results, which have been also obtained from the

experiments, the values for the elastic modulus E0

from the viscoelastic GM models are in good agree-

ment with the reduced modulus Er from nanoin-

dentation measurements.

Since the method works well for pulp fiber sur-

faces, the investigation of the S2 fiber wall layer will

be the next step. The wood cell wall is divided into

different cell wall layers, with the S2 layer being the

thickest one. It also has the highest content of cellu-

lose microfibrils, which are aligned very close to the

direction of the fiber axis. Therefore, it is the layer

which predominately influences mechanical proper-

ties, especially in longitudinal fiber direction [3, 48].

Here, the samples will be prepared from embedded

microtome cuts. The goal will be to investigate the

viscoelastic properties of the S2 layer of pulp fibers

with the presented AFM-based method under the

influence of RH and water.
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