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Abstract The accurate mechanical characterisa-
tion of fibres of micrometric length is a challenging
task, especially in the case of organically-formed
fibres that naturally exhibit considerable irregulari-
ties along the longitudinal fibre direction. The present
paper proposes a novel experimental methodology for
the evaluation of the local mechanical behaviour of
organically-formed (aged and unaged) and regener-
ated cellulose fibres, which is based on in-situ micro-
tensile testing combined with optical profilometry.
In order to accurately determine the cross-sectional
area profile of a cellulose fibre specimen, optical
profilometry is performed both at the top and bot-
tom surfaces of the fibre. The evolution of the local
stress at specific fibre locations is next determined
from the force value recorded during the tensile test
and the local cross-sectional area. An accurate meas-
urement of the corresponding local strain is obtained
by using Global Digital Height Correlation (GDHC),
thus resulting in multiple, local stress—strain curves
per fibre, from which local tensile strengths, elastic
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moduli, and strains at fracture can be deduced. Since
the variations in the geometrical and material proper-
ties within an individual fibre are comparable to those
observed across fibres, the proposed methodology is
able to attain statistically representative measurement
data from just one, or a small number of fibre sam-
ples. This makes the experimental methodology very
suitable for the mechanical analysis of fibres taken
from valuable and historical objects, for which typi-
cally a limited number of samples is available. It is
further demonstrated that the accuracy of the meas-
urement data obtained by the present, local measur-
ing technique may be significantly higher than for a
common, global measuring technique, since possible
errors induced by fibre slip at the grip surfaces are
avoided.

Keywords Digital image correlation - Cellulose -
Natural micrometric fibres - Fibre tensile testing -
Optical profilometry

Introduction

The macro-scale mechanical response of fibrous
materials, such as paper or textiles, is governed by
complex mechanisms originating from the fibre level.
A thorough understanding of the material behaviour
at the macroscopic level thus requires the mechani-
cal characterisation of single fibres. Atomic force
microscopy-based nanoindentation (Ganser et al.
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2014; Czibula et al. 2020) and Brillouin spectros-
copy (Elsayad et al. 2020) have been proposed in
the literature as indirect techniques to measure the
elastic modulus; however, they do not enable the
characterisation of the fibre’s plastic, micro-damage
and fracture behaviour. To assess the full mechani-
cal behaviour, i.e., the full stress-strain curve, the
mechanical loading is commonly applied by means of
a standard uniaxial tensile test (El-Hosseiny and Page
1975; Kappil et al. 1995; Mott et al. 1996; Kouko
et al. 2019; Kompella and Lambros 2002; Burgert
et al. 2003; Eder et al. 2008; Jajcinovic et al. 2016,
2018), whereby a global displacement measurement
provides the evolution of the average fibre strain,
and the corresponding effective stress in the fibre is
calculated from the cross-sectional area measured at
one specific location within the fibre. With this proce-
dure, various types of fibres have been mechanically
characterized, including flax fibres (Bos and Donald
1999), hemp fibres (Baley 2002), organically-formed
cellulose fibres (El-Hosseiny and Page 1975; Burgert
et al. 2003) and regenerated cellulose fibres (Chen
2015; Adusumali et al. 2006; Adusumalli et al. 2006;
Gindl et al. 2006, 2008).

Although a standard uniaxial tensile test is robust
and relatively straightforward to perform, the accu-
racy and interpretation of the measured mechanical
response require careful attention, especially in the
case of organically-formed fibres, such as cellulose-
based paper fibres. Organically-formed fibres are
characterized by significant geometric irregularities
in the longitudinal fibre direction, as a result of which
the fibre mechanical response and physical proper-
ties may be expected to vary along the fibre length
(Ganser et al. 2014; Czibula et al. 2020). Fig. 1 shows
Scanning Electron Micrograph (SEM) images of an
organically-formed cellulose (paper) fibre (Fig. 1a)
and a regenerated cellulose (viscose) fibre (Fig. 1b),
which indeed illustrates that the shape of the paper
fibre is rather irregular, while that of the viscose fibre
is more or less uniform. Due to variations in growth
and extraction condition, the material properties and
physical behaviour of organically-formed fibres may
also vary from fibre to fibre (Mohanty et al. 2000),
which requires a relatively large number of tests for
obtaining statistically representative data from meas-
urements of the overall, global fibre response.

In the present work, a novel, systematic experi-
mental methodology based on in-sifu tensile testing

@ Springer

Fig. 1 Scanning electron micrograph of a an organically-
formed cellulose fibre (paper) with significant shape irregu-
larities along the longitudinal direction, and b a regenerated
cellulose fibre (viscose), characterized by a flat, rectangular
cross-section and limited shape variations

combined with Optical Profilometry is elaborated,
which enables an efficient and accurate characterisa-
tion of the mechanical response of individual fibres
of micrometric length. The distinctive features of the
proposed methodology are as follows. (i) The stresses
and strains are evaluated locally along the longitudi-
nal fibre direction, utilising an accurate, automatized
height profile acquisition. (ii) The local stresses are
determined through the evaluation of the cross-
sectional area of the fibre along its length, applying
two-sided, high-magnification optical profilometry
of the fibre prior to tensile testing, and incrementally
recording the applied load. (iii) The local strains are
obtained through an accurate high-magnification 3D
surface evaluation at multiple locations along the lon-
gitudinal direction of the fibre, in combination with
a specific type of Digital Image Correlation (DIC)
named Global Digital Height Correlation (GDHC),
which is performed on profilometry images.

Under the plausible assumption that the mate-
rial and morphological variations within a single
fibre (i.e., intra-fibre variations) are comparable to
those between different fibres (i.e., inter-fibre vari-
ations), the local stresses and strains measured on a
single fibre enable to deduce statistically representa-
tive material data (elastic modulus, ultimate ten-
sile strength, strain at fracture) from a relatively low
number of tensile tests. The proposed methodology is
validated on a viscose fibre that is characterized by
a regular shape (see Fig. 1b), and organically-formed
cellulose paper fibres that exhibit considerable intra-
fibre shape irregularities (see Fig. 1a). For the testing
of organically-formed cellulose fibres, six samples
have been extracted from a Whatman No. 1 filter
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paper sheet, and two samples have been taken from
a historic paper document dated 1834. Although the
focus of the present study is on cellulose fibres, the
proposed methodology is generic and can be applied
to arbitrary fibres of micrometric length.

It is emphasised that the possibility of obtaining
relevant statistical information from only a few ten-
sile tests makes the proposed experimental method
particularly relevant for the analysis of cultural her-
itage materials, for which typically a low number of
fibre samples can be extracted from the considered art
object, e.g., paper fibres from ancient books or cot-
ton/linen fibres from valuable and historical canvas
paintings. The mechanical characteristics measured
from the combined micro-tensile testing and optical
profilometry approach provide detailed insight into
the local material behaviour of fibres, and can be used
as input for degradation models and complementary
experimental studies of historical materials, such as
historical paper (Zou et al. 1994, 1996; Emsley et al.
2000; Tétreault et al. 2013; Cabalova et al. 2017,
Parsa Sadr et al. 2022; Maraghechi et al. 2023) or
canvas (Seves et al. 2000; Kavkler and Demsar 2011;
Oriola et al. 2014; Nechyporchuk et al. 2017).

This paper is organized as follows. Section Meth-
odology presents the testing methodology, includ-
ing the sample preparation procedure, the optical
profilometry method to obtain cross-sectional area
measurements, and the strain evaluation procedure
as performed via GDHC. The results of the tensile
experiments on three different cellulose-based fibres
(viscose fibre, fibres from Whatman filter paper
and fibres from a historic paper document) are dis-
cussed and compared in Section Results and Discus-
sion. The main conclusions are finally presented in
Section Conclusions.

Methodology

The mechanical response of individual, cellulose-
based fibres was measured by means of the following
experimental procedure. First, a fibre was carefully
extracted from the actual source and attached to a car-
rier frame, followed by an accurate measurement of
the cross-sectional area profile along the fibre length.
Next, a speckle pattern was applied on the top surface
of the fibre, from which an accurate measurement of
the local strains was obtained by using Global Digital

Height Correlation (GDHC). Finally, uniaxial tensile
tests were performed, whereby the local measure-
ment data of fibre samples were used for constructing
stress—strain curves. The above experimental steps are
successively described in subsections Sample prepa-
ration to Global Digital Height Correlation analysis
below.

Sample preparation

The preparation of individual, cellulose-based fibres
for tensile testing generally is a challenging task,
since cellulose fibres are typically fragile and have a
small size with a thickness of a few tens of microme-
tres and a length of a few hundreds of micrometres.
Two types of cellulose-based fibres were considered
in the current experimental procedure, namely organ-
ically-formed cellulose fibres and regenerated viscose
fibres. Organically-formed cellulose fibres are char-
acterized by a hierarchical micro-structure consist-
ing of micro-fibrils and fibrils embedded in a matrix
of hemicellulose and lignin. Conversely, regenerated
cellulosic fibres, such as viscose, are extruded from
dissolved and purified organic cellulose fibres and
therefore are more homogeneous in terms of shape
and mechanical properties.

The organically-formed cellulose fibres were
extracted from a macroscopic paper sheet, by mak-
ing small tears to expose the fibres. Alternatively,
fibres could have been extracted by attaching and rap-
idly removing a piece of adhesive tape on the paper
sheet. The exposed fibres were pulled out using a
pair of fine-tip tweezers. This process was performed
underneath a ZEISS™, Stemi 2000-C stereo micro-
scope. The organically-formed cellulose fibres were
extracted from two different macroscopic paper sam-
ples: a Whatman No. 1 filter paper sheet and historical
paper from a Dutch landownership document dated
1834. The viscose fibres were purchased in bundles,
from which an individual fibre could be released in a
relatively simple fashion. The tested viscose fibre is a
Leonardo viscose fibre from Kelheim Fibres, and is
characterised by a flat, rectangular cross-section, see
also Fig. 1b.

The fibre was subsequently attached to a small
frame that was cut out from a 0.5 mm-thick PMMA
(Polymethylmethacrylate) sheet using a laser cutter.
The frame construction departed from the proce-
dure originally proposed by Jajcinovic et al. (2016),
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with some modifications applied, as summarized
in Maraghechi et al. (2021) and explained in detail
in the following. The frame contained a central
window of a width of approximately 800 ym that
defines the gauge length, and two side bridges with
a height of approximately 500 ym, see Fig. 2. Prior
to testing, the two bridges prevented the fibre from
being loaded, and avoided the occurrence of irre-
versible deformations or damage, as may happen
during cross-sectional measurements, the applica-
tion of the speckle pattern for digital image corre-
lation (DIC), or the placement of the frame in the
tensile tester. At the start of the tensile test, the two
side bridges were cut, so that the applied tensile
load could be fully transferred to the fibre. Differ-
ent from the approach of Jajcinovic et al. (2016),
a small, longitudinal slit was made at the centre of
the frame, which, during placement and alignment
of the fibre, guarantees that the line of action of the
applied tensile load coincides with the longitudi-
nal direction of the fibre. Nail polish was used for
glueing the fibre to the frame, which was done by
placing one droplet and aligning the fibre at one end
using fine-tip tweezers. Subsequently, another drop-
let of nail polish was placed to put the other end of
the fibre in place, after which the glue was allowed
to cure for a minimum period of 24 hours.

- Side Bridge
500um |
Glue Droplet
C \ _~ Fibre :
/ \
Screw Holes Alignmnet Slit

Gauge Length (800 um)

Fig. 2 A cellulose fibre attached to a laser-cut PMMA frame
that maintains the fibre integrity prior to testing. a Schematic
representation. b Photograph of the specimen

@ Springer

It is noted that the outer surface of organically-
formed cellulose fibres is commonly characterized
by the presence of particles, fibrils or fragments from
other fibres, which can influence the quality of the
applied speckle pattern required for GDHC. Hence,
after attaching the fibre to the frame, the fibre was
cleaned gently with a fine soft paint brush to elimi-
nate such residuals. Subsequently, the fibre was ready
for cross-sectional measurements and DIC patterning.

In order to attain reliable data from the micro-ten-
sile testing, during the sample preparation procedure
a possible twisting of the fibre needed to be limited.
This is a challenging task, especially in the case of
paper fibres, which may exhibit some natural twist
that is difficult to quantify under the microscope due
to their translucent nature. In Section Microtensile
test it will be demonstrated, however, that the present
methodology can be used to accurately evaluate the
mechanical response of fibres exhibiting a certain
degree of twisting.

Cross-sectional area measurement along the
longitudinal fibre direction

The measurement of the cross-sectional area pro-
file along the longitudinal fibre direction was neces-
sary to determine the local fibre stresses. This was
not a trivial task, since organically-formed cellulose
fibres have a highly irregular shape, with consider-
able cross-sectional changes from one location to
another. In order to account for this aspect, a novel
method based on optical profilometry has been devel-
oped that measures the cross-sectional area profile of
an individual fibre across its entire length. Accord-
ingly, White Light Interferometry (Bruker NPFLEX
system) was applied to measure the height profiles
(and fibre surface profiles) at the top and bottom sides
of the fibre prior to the tensile testing. The cross-sec-
tional area of each section could next be evaluated by
adequately positioning these two height profiles with
respect to each other. A 20X objective lens with a
2x multiplier was used to capture the images, which
facilitated the measurement procedure by provid-
ing a sufficiently large working distance. The proper
positioning of the two height profiles of each section
along the fibre length allowed us to accurately deter-
mine the cross-sectional area profile and was per-
formed in accordance with the procedure described
below.
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The PMMA frame to which the fibre specimen was
attached was placed on top of an optical mirror (i.e., a
silicon wafer), as depicted in Fig. 3. The top surface of
the fibre was first imaged using the optical profilometer.
The profilometer constructs a height profile by com-
bining the different images of the specimen that were
captured during the scanning process. Here, the vertical
coordinate corresponding to the centre of the acquired
scanning range is referred to as the scanning centre. As
illustrated in Fig. 3, the optical system was next moved
downwardly in order to locate the scanning centre on
the reflection of the bottom surface of the fibre in the
mirror below. The moving distance AZ,, which refers
to the change in position of the scanning centre from
the fibre top surface to the mirror reflection of the fibre
bottom surface, was recorded next. This value vir-
tually equals the sum of the thickness of the fibre (at
the reference focus point) and two times the thickness
of the PMMA frame. However, due to frame irregu-
larities caused by the laser-cutting process, the exact
value of the frame thickness was unknown. Therefore,
another profilometry image was acquired by setting the

scanning centre on the mirror surface, and registering
the focusing distance AZ,, from the top surface of the
fibre to the mirror. Note that the horizontal in-plane
position of the scanning centre might not be the same
for the height profiles of the top surface, the mirror and
the bottom surface. In order to correct for this discrep-
ancy, during the post-processing of measurement data
a reference point named the centre point was arbitrarily
selected in the horizontal (x-y) plane, and each height
profile was shifted in the z-direction such that the cen-
tre point of the height profile was located at zero height
and thus corresponded to the scanning centre. The
thickness of the fibre at the centre point can then be cal-
culated as:

t.=2A7,—-AZ,. (1)

Finally, the height profiles at the top and bottom sides
of the fibre were placed at a mutual distance equal to
the local fibre thickness ¢, given by Eq. (1).

The thickness profile of the fibre in the longitudinal
direction was found by determining the width-average

AZ,, Objective

Objective
Working Distance

AZy,

Top surface in focus

7/ Mirrorin focus
/ Bottom surface in focus

Cellulose Fibre /Glue Droplet
N\
— : )
PMMA Frame
Mirror
i e ——

— —_—— —
1

Acquisition range

Fig. 3 Schematic representation of the measurement pro-
cess of the fibre cross-sectional area profile by means of a
dual profilometry technique. The PMMA frame with the fibre
specimen attached is placed on a mirror underneath the opti-
cal profilometer. At the initial position of the objective, the
top surface of the fibre is imaged (highlighted in yellow). The
distance between the objective and the top surface then cor-
responds to the working distance of the objective. The mir-

Fibre’s Reflection

ror reflection of the fibre and the objective position used for
imaging the bottom surface of the fibre (highlighted in blue)
are depicted by a dashed line, whereby the objective has been
moved downwards over a distance AZ, with respect to its ini-
tial position. The objective position used for imaging the mir-
ror surface (highlighted in pink) is depicted by a dotted line,
and is at a distance AZ,, below its initial position

@ Springer
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of the distance between the top and bottom fibre sur-
faces, whereby the fibre width was deduced from the
image at the top surface. The local cross-sectional
area, which was needed for the determination of the
local stress, was calculated by multiplying the local
width and thickness. Note that for cellulose fibres
the surface is transparent and very rough, which
resulted in a relatively low signal-to-noise ratio in
the height profiles, especially for the bottom surface,
due to a limited optical signal from the reflection.
Accordingly, to further reduce the noise in the cross-
sectional area measurement, smoothing steps with
Gaussian filters were applied to the height profiles
and to the thickness and width measured along the
fibre length. For the viscose fibre the signal-to-noise
ratio was higher, due to its smooth surface.

Micro-speckle pattern application for digital image
correlation

The local fibre strains were accurately measured by
means of DIC, according to the GDHC procedure
presented in Section Global Digital Height Correla-
tion analysis. In order to effectively evaluate defor-
mations with DIC, a certain amount of contrast is
needed on the top surface of the fibre specimen. In
principle, cellulose fibres exhibit a natural surface
pattern due to their microstructural morphological
features. However, this natural pattern does not pro-
vide sufficient surface contrast and also is “unstable”,
i.e., the surface profile changes non-uniformly during
loading. Therefore, at the top surface of the fibre, a
3D speckle pattern was applied based on spheri-
cal polystyrene particles of 1 ym diameter. Specifi-
cally, a dilute solution of polystyrene particles was
prepared in ethanol (0.5 mg/ml), which needed to
be sonicated in a cold water bath for a period of 30
minutes. The solution was then sprayed on the fibres
from a 6 cm distance for approximately 10 minutes,
using an airbrush with 1 bar pressure. In order to cre-
ate a uniform speckle pattern on the rough fibre sur-
face, the air circulation around the fibre needed to be
kept limited. For this purpose, the empty space of the
PMMA frame beneath the fibre was filled with a soft
paste-like material, by carefully pushing the frame on
a piece of glue pad (Polyisobutylen with inorganic
filler). The frame was gently removed from the glue
pad after the patterning procedure of the fibre surface
was finished. As an example, Fig. 4 shows the speckle

@ Springer

pattern applied on a paper fibre, with Fig. 4a depict-
ing a scanning electron micrograph of a patterned
paper fibre and Fig. 4b showing the height profile of a
section of a paper fibre.

Micro-tensile test

After the fibre was attached to the PMMA frame and
the speckle pattern was applied, the in-situ tensile
test was ready to be performed. For this purpose, a
Kammrath & Weiss micro-tensile stage with a 20 N
load cell was used, see Fig. 5. The image acquisition
was done using a Bruker NPFLEX optical profilom-
eter with a 100X objective lens. In order to make the
imaging possible with a small working distance of
the objective, two aluminium blocks were fixed to the
grips of the tensile stage, to which the PMMA frame
was screwed, see the right picture in Fig. 5. Before
tightening the screws on the frame, the fibre was
inspected under the microscope at a lower magnifica-
tion, in order to verify that it was oriented parallel to
the loading axis. In case of misalignment, the frame
was carefully rotated until the fibre was aligned with
the tensile stage. The screws were finally tightened
and the side bridges were carefully melted away using
a soldering iron equipped with a thin metal wire at
the tip for achieving accuracy in this process.

y [pm]

20 40 60 80 100 120 140

x [pm]
(b)

Fig. 4 DIC speckle pattern generated by applying polystyrene
particles on the top surface of an organically-formed cellulose
(paper) fibre. a SEM image, and b optical profilometry height
profile
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Fig. 5 In-situ test setup that
consists of the micro-tensile
stage underneath the optical
profilometer. The detailed,
right picture illustrates the
aluminium blocks that raise
the PMMA frame with

the fibre specimen, which
allows for creating a short
working distance for the
100x objective

The tensile test was performed quasi-stati-
cally in a displacement-controlled manner, using
relatively small, fixed displacement increments,
whereby the corresponding force value was meas-
ured from the load cell. At each loading step, eight
images were taken with a horizontal field of view
of 148 pum (100X objective with 0.55x multiplier),
which had approximately 50% mutual overlap in
the length direction of the fibre. Each of these eight
images from hereon is referred to as a section. The
fibre parts close to the frame were not imaged,
since these were (partially) covered by glue. The
above procedure resulted in the imaging of 666 ym
of fibre length, which corresponded to 83% of the
total fibre gauge length of 800 ym (i.e., the width
of the window in the PMMA frame). The stepwise
load application and image acquisition continued
up to failure of the fibre specimen. The acquisi-
tion of all the height profiles took between five
to ten minutes, during which some stress relaxa-
tion occurred due to the viscoelastic behaviour of
the fibre, see also Eder et al. (2008); Czibula et al.
(2019); Kouko et al. (2019). The force value stored
at each loading step corresponded to the value
obtained after stress relaxation, i.e., it was recorded
right before the application of the next loading
step. In order to locally filter noisy data from the
height maps, in the profilometry settings a thresh-
old criterion was selected that excludes data points
with a noise-to-signal ratio of more than 10%. On
the registered fibre surface, the deleted data points
appeared as small white spots, see Fig. 4b.

~— S

| w
. Loading direction

Aluminium blocks

AL

1ol g g | bbbl

Global digital height correlation analysis

After completion of the test, the local strains in the
fibre were evaluated at each loading step from the
images obtained by optical profilometry. To this
aim, Global Digital Height Correlation (GDHC)
was used, which is a full-field displacement meas-
urement method based on the comparison of images
of height profiles taken before and after the applica-
tion of a load increment (Neggers et al. 2014, 2016).
GDHC is a modified version of DIC, which specifi-
cally enables to evaluate the strain in the presence
of out-of-plane displacements, as caused by uncurl-
ing and twisting behaviour typically observed in the
tensile testing of natural, irregular fibres.

For an accurate comparison of the height profiles
with GDHC, every pixel in the reference image is
mapped in a second image at its “deformed posi-
tion”, as taken after the application of the actual
load increment. The residual field is defined by

r(x) = f(x) — g(x+uXe, +v(x)e,) + wx), (2)

where x is the position vector, u and v are the in-plane
displacement components in x- and y-directions,
respectively, e, and e, are the orthonormal unit vec-
tors in a Cartesian coordinate system, w is the out-
of-plane displacement component in z-direction, and
fand g respectively denote the height profiles of the
reference and deformed fibre configurations. In order
to limit the number of unknowns in the mathematical
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formulation, the displacement field is parameterized
as

n

u(x) ¥ u*(x,a) = 2 a;@,(x), 3)

i=1

where u(x) = u(x)e, + v(x)e, + w(x)e,, with e  the
unit vector in the z-direction. Further, n is the num-
ber of degrees of freedom, a is the vector containing
the degrees of freedom {a,,a,, ...,a,}, and @,(X) are
appropriate basis functions. In this work, the dis-
placement field of the fibre is parameterized by means
of a second-order polynomial basis function for each
so-called region of interest (ROI) defined in the longi-
tudinal direction of the fibre, with the ROISs illustrated
in Fig. 7 by partially overlapping, dashed rectangles.
The above choice of basis function defines the strain
field within the ROI to be linear, which is considered
to be sufficiently accurate as it is expected to be close
to homogeneous (as confirmed in Section Micro-ten-
sile test). The optimal set of degrees of freedom that
defines the parameterized displacement field u*(x) is
then calculated by minimizing the square of the resid-
ual field r in Eq. (2) with respect to the degrees of
freedom a; assembled in a:

a”" = argmin / r(x,a)dx, )
a

in which Eq. (3) has been formally applied. The solu-
tion of the above minimization problem is obtained
by using an iterative (Newton-Raphson) solution
scheme, which subsequently leads to the determina-
tion of the displacement field via Eq. (3). The strain
tensor is determined with respect to the (non-flat)
initial surface, by computing the logarithmic strain
values in the two in-plane directions x and y from the
corresponding stretch ratios. Note that this initial sur-
face corresponds to the ROI surface in the first, refer-
ence image of the pair of images used for the compu-
tation of the residual field at each load step, Eq. (2).
For more details on the strain calculation procedure,
the reader is referred to Shafqat et al. (2018).

The GDHC procedure was performed in an incre-
mental fashion, whereby the incremental strain was
calculated from the images taken at two subsequent
loading steps. The total strain at the actual load-
ing step was then obtained by adding the incremen-
tal strain to the total strain computed at the previ-
ous loading step. By updating the strain from two

@ Springer

subsequent loading steps, convergence problems were
avoided that may occur when the strain update would
have been computed over the rofal elapsed time, by
correlating the image at the actual loading step to the
reference image taken at the first loading step. Such
convergence problems are caused by straightening,
rotation and out-of-plane deformation of the fibre, as
a result of which a correlation of the speckle pattern
following from the first reference image and that from
an image at a later loading step can not be accurately
established. Once the strain fields were computed
for all loading steps, the average strain per load step
was determined in each ROI, as needed for the con-
struction of the (local) stress-strain curve in the ROL.
Recall from the discussion in Section Micro-tensile
test that the images represent small regions, in which
some of the height data are missing, due to the 10%
noise-to-signal filtering threshold that was selected
for eliminating noisy data points during data acqui-
sition. Despite the 10% filtering threshold, it was a
posteriori noticed that various pixels surrounding the
eliminated data were still too noisy, causing conver-
gence problems in the GDHC procedure. In order to
overcome this problem, the regions with missing data
values were uniformly expanded in the height profiles
by eliminating the one layer of pixels located directly
along their circumference, which further reduced
the influence of local noisy data on the correlation
analysis (Vonk et al. 2020, 2021). Subsequently, the
average stress in an ROI was calculated from the
applied force and the average cross-section of the
ROI. Here, the cross-sectional area was determined
from the original fibre geometry, i.e., the calculated
stress value reflects the engineering stress. From the
stress—strain curve in each ROI, the local Young’s
modulus, the strain at fracture and the ultimate tensile
strength were deduced. A comparison of the material
parameters obtained for the individual ROIs provides
insight into their variation along the fibre length,
which will be studied in detail in Section Results and
Discussion below.

Results and discussion

The experimental methodology presented in Sec-
tion Methodology was applied to three different types
of fibres. First, a viscose fibre with a flat, rectangu-
lar cross-section was tested, i.e., a Leonardo viscose
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fibre from Kelheim Fibres. Second, six paper fibres
extracted from a Whatman No. 1 filter paper sheet
were tested. These fibres exhibit significant intra-fibre
and inter-fibre variations in geometry and physical
properties, which were exploited to demonstrate the
potential of the method for an accurate experimen-
tal analysis of organically-formed fibres. Third, two
aged paper fibres were tested, which were extracted
from an historical Dutch landownership document
dated 1834. The test results for aged fibres should
provide insight into the suitability of the experimen-
tal methodology for the mechanical analysis of fibres
taken from valuable and historical objects, for which
typically a limited number of samples is available.
The measurement results for the viscose fibre, the
fibres from Whatman filter paper, and the fibres from
the aged paper are respectively discussed in Sec-
tions Measurement results for viscose fibre, Measure-
ment results for fibres extracted from Whatman filter
paper and Measurement results for fibres extracted
from historical paper dated 1834.

Measurement results for viscose fibre
Cross-sectional area

Fig. 6 depicts the results of the cross-sectional area
measurement performed on the viscose fibre. The
height profiles at the top and bottom surfaces of the
fibre are presented in Fig. 6a, and the fibre width and
thickness profiles in the longitudinal (x-)direction are
illustrated in Fig. 6b and c, respectively. The origins
adopted for measuring the height profiles at the top
and bottom fibre surfaces are represented by the cor-
responding scanning centres, as explained in Section
Cross-sectional area measurement along the longi-
tudinal fibre direction. It can be confirmed that the
width and thickness profiles of the viscose fibre are
characterised by relatively small spatial variations,
which is in agreement with the regular, uniform fibre
shape. The somewhat abrupt change at the right end
of the fibre is an edge effect caused by the fibre sup-
port, i.e., the glue used for attaching the fibre to the
frame. Measurement inaccuracies due to edge effects
are avoided by evaluating the stress and strain profiles
over a length that excludes the contributions near the
left and right edges, as indicated by the two vertical
dash-dotted lines in Fig. 6b and c. In the example
shown in Fig. 6 this length equals 577 ym, and from
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Fig. 6 Results from the experiments performed on the vis-
cose fibre. Cross-sectional area measurement illustrating a the
height profile at the top and bottom surfaces of the fibre, the
b width profile, and ¢ thickness profile, measured in the lon-
gitudinal (x-)direction of the fibre. The vertical dash-dotted
lines denote the characterisation range within which the fibre
response is evaluated

hereon will be denoted as the characterisation range.
Across the characterisation range the average values
of the width and thickness of the viscose fibre are
51.7 ym and 2.3 um, respectively, whereby the cor-
responding standard deviations indeed remain small,
i.e., 0.3 um and 0.2 um, as viscose fibres are expected
to have a well-defined cross-section.

Micro-tensile test

As discussed in Section Micro-tensile test, at each
loading step of the tensile test the height profile is
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recorded at a number of sections that partially overlap
each other, whereby their specific number depends on
the fibre length and is equal to eight for the fibres ana-
lysed in this study. This is illustrated in Fig. 7, which
shows the overall height profile of the viscose fibre
as obtained at the first loading step. The correspond-
ing cross-sectional area profile displayed in this figure
is computed by multiplying the width and thickness
profiles shown in Figs. 6b and c, respectively. The
overlapping, dashed rectangles depicted on each of
the eight sections illustrate the ROIs within which the
strain is evaluated by means of GDHC. The vertical
dash-dotted lines denote the characterisation range,
of which the size coincides with the outer bounda-
ries of the first and last ROI. The maximum number
of ROIs within a section equals three and is set by
the quality of the height profile and the speckle pat-
tern obtained. The total number of ROIs of a fibre
straightforwardly follows from summing up the num-
ber of ROIs in the eight sections of a fibre. The aver-
age number of ROIs per section is typically less than
the maximum number of three, as ROIs containing an
inadequate strain measurement need to be discarded
in the evaluation of the results. An inadequate strain

z [um)]
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i
(=3
(=]
\
=
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Fig. 7 Results from the experiments performed on the vis-
cose fibre. Height profile at eight sections that overlap in the
longitudinal (x-)direction of the fibre, as obtained at the first
loading step. The displayed cross-sectional profile is com-
puted by multiplying the width and thickness profiles shown in
Fig. 6b and c, respectively. The partially overlapping, dashed
rectangles within each section illustrate the (two or three) ROIs
used for evaluating the strain via GDHC. The vertical dotted
lines denote the characterisation range within which the fibre
response is evaluated

@ Springer

measurement may result from an inappropriate local
speckle pattern, or from a low quality of the local
height map due to a rough fibre surface. This latter
aspect obviously appears more frequently for irregu-
lar, organically-formed fibres than for smooth, regen-
erated fibres. Accordingly, the total number of ROIs
for organically-formed fibres is commonly lower
than for regenerated fibres. Note that for the regener-
ated viscose fibre considered in Fig. 7 the total num-
ber of ROIs equals 21, which is indeed relatively
close to the maximum number of ROIs of 3(ROIs)x
8(sections)=24.

Fig. 8a illustrates the results of the GDHC proce-
dure, as evaluated at one specific ROI at the penul-
timate step of the loading procedure, i.e., the step
before the fibre breaks. Here, Fig. 8a shows the refer-
ence height profile that corresponds to the first image
from the penultimate loading step, and Fig. 8b pre-
sents the residual field, as computed via Eq. (2). The
white pixels visible in Fig. 8a represent data points
that are deleted due to exceeding the 10% noise-to-
signal filter threshold applied during the acquisition
of the images, and appear to be located around the
circumference of the deposited polystyrene particles
of the GDHC speckle pattern. As mentioned in Sec-
tion Global Digital Height Correlation analysis, the
(small) regions with deleted data were uniformly
expanded along their circumference by one layer of
pixels for further noise reduction, see the discussion
in Section Global Digital Height Correlation analysis.
This expansion can also be observed in the residual
field shown in Fig. 8b, where the areas covered by
white pixels are slightly larger than those illustrated
in Fig. 8a. The GDHC residual field in Fig. 8b dem-
onstrates a good correlation between the reference
and deformed height profiles, as can be concluded
from the low residual value (visible in light orange) at
the centre of the polystyrene particles.

The area outside the particles reveals the surface
roughness of the fibre, as indicated by the horizon-
tal profile lines visible in Fig. 8a. Since the surface
roughness pattern only slightly changes with the
incremental deformation, it also appears in the resid-
ual field depicted in Fig. 8b. The minimization of the
square of the residual field r(x), defined by Eq. (4),
provides the three-dimensional displacement field
u(x), and thereby the strain field £(x). Fig. 8c depicts
the three in-plane components of the strain tensor,
€(X), €,,(x) and €,,(x), which are obtained at the
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Fig. 8 Results from the
experiments performed on
the viscose fibre. Global
digital height correlation
of an individual ROI at the
penultimate loading step,
showing a the reference

height profile, b the residual -20 0
field r(x) given by Eq.(2), x [pm]
and c the three in-plane (a)
components of the strain
tensor, €,.,(X), eyy(x) and . )
€,,(X) — 10 Fvieada R
g P
3 0!
- ‘
-10¢
-20 0
 [pm]
(b)

penultimate loading step. Note that the spatial varia-
tion of the strain components is negligible across the
RO], i.e., all three strain profiles are approximately
homogeneous. Moreover, the small value of the shear
strain €, confirms that the loading state in the viscose
fibre is close to uniaxial tension.

Fig. 9a shows 21 axial stress—strain curves
obtained from the different ROIs of the tested viscose
fibre. To correct for a small residual stress gener-
ated prior to the onset of loading, each stress—strain
response is prescribed to start at the origin. Cor-
respondingly, the initial, dashed lines of the curves
are anticipated trends obtained by extrapolating the
curves to the origin, which is done by fitting a sec-
ond-order polynomial function through the first three
data points of the curves. Observe that the slope of
the curves gradually decreases with increasing strain,
indicating the development of inelastic deformations
caused by micro-damage (local decohesion between
microfibrils in case of naturally formed cellulose)
and/or micro-plasticity (stretching and relative sliding
of polymer chains under alignment/orientation) (Adu-
sumali et al. 2006; Adusumalli et al. 2006; Kouko
et al. 2019). After passing the peak stress, the defor-
mation within the fibre starts to localize, whereby the
stress decreases with increasing strain, up to the stage
at which the fibre breaks. Since fibre fracture occurs
at the final loading step, i.e., after the acquisition of
the last height map, GDHC can not provide the value
of the actual strain at fracture. Accordingly, for each
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ROI the strain at fracture is estimated by fitting a first-
order polynomial function through the last two data
points of the stress-strain curve, up to the final stress
value at fracture, as indicated in Fig. 9a by the dashed
line at the end of each curve.

The Young’s modulus E in each ROI of the viscose
fibre is calculated from the initial slope of the corre-
sponding stress—strain curve. The corresponding
results are shown in Fig. 9b. The mean value E and
standard deviation s; of the Young’s modulus over
the total number of 21 ROIs are 8.1 GPa and 0.6 GPa,
respectively. The average Young’s modulus of the
viscose fibre is in agreement with other values
reported in the literature, which range between 8.3
and 14.0 GPa (Adusumali et al. 2006; Adusumalli
et al. 2006; Gindl et al. 2008). In addition, the mean
value & and standard deviation Se, of the strain at

fracture are 0.16 and 0.010, respectively, whereby the
mean value falls within the range of values of 0.13 to
0.22 as following from other experimental works
(Adusumali et al. 2006; Adusumalli et al. 2006; Gindl
et al. 2008). Finally, the fibre tensile strength o, is cal-
culated from the ratio between the maximum applied
force and the minimum cross-sectional area meas-
ured, and equals 467 MPa. This value indeed falls
within the range of values of 267 to 471 MPa reported
in other experimental works on viscose fibres (Adu-
sumali et al. 2006; Adusumalli et al. 2006; Gindl
et al. 2008).
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Fig. 9 Results from
the uniaxial tensile tests

performed on a viscose 400
fibre. a Local stress—strain =
curves obtained from the 21
ROIs along the fibre length. 300
The dashed lines at the %
beginning and end of each =
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Measurement results for fibres extracted from
Whatman filter paper

Cross-sectional area

The optical profilometry methodology was subse-
quently applied to six different paper fibre samples,
extracted from Whatman No. 1 filter paper. The
measurement result of the cross-sectional area profile
of one of the fibres is shown in Fig. 10. The height
profiles of the top and bottom surfaces of the fibre
are depicted in Fig. 10a, while Fig. 10b and c illus-
trate the width and thickness profiles, respectively.
Similar to the viscose fibre, only measurement data
within the characterisation range of 581 ym are con-
sidered. Within this range, the average values of the
fibre width and thickness are 27.3 ym and 11.1 um,
and the standard deviations are 2.3 ym and 2.2 um,
respectively. Note that these standard deviations
are about one order of magnitude higher than those
measured for the viscose fibre as presented above in

@ Springer

Section Cross-sectional area, which obviously is due
to the irregular surface profile of the paper fibres. The
average width of the six tested fibres varies between
18.3 ym and 34.8 ym, with the standard deviations of
the fibre widths ranging between 0.5 ym and 2.9 um,
while the average thickness of the six paper fibres
varies between 5.0 ym and 11.1 ym, with standard
deviations ranging between 0.9 ym and 3.8 um. For
fibres with a transparent and rough surface, such as
cellulose-based paper fibres, the accuracy of the pre-
sent, local measuring technique is guaranteed for
fibres not smaller than those tested in the current
study, since otherwise the average signal-to-noise
ratio of the height maps may become too low for
obtaining useful and accurate measurement results.
Conversely, considering the relatively high lateral and
vertical resolution of White Light Interferometry, for
fibres with a smooth and opaque surface - for which
the signal-to-noise ratio of the height maps generally
is higher - the minimum fibre size that can be accu-
rately analysed with the present measuring technique
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Fig. 10 Results from the experiments performed on fibres
from Whatman filter paper. Cross-sectional area measurement
of one of the fibres, illustrating a the height profiles of the top
and bottom surfaces of the fibre, b the width profile, and ¢ the
thickness profile, measured in the longitudinal (x-)direction of
the fibre. The vertical dash-dotted lines denote the characteri-
sation range within which the fibre response is evaluated

is expected to lie below that of the fibres tested in the
current study.

Micro-tensile test

The tensile stress—strain (o,,—¢,,) curves obtained in
the 11 ROIs of a representative fibre (Fibre 1) are pre-
sented in Fig. 11. The paper fibres commonly experi-
ence significant uncurling and straightening at the first
few loading steps. Hence, the measurements associ-
ated with these loading steps were excluded for two
reasons. First, due to the considerable rotations and

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Exx H

Fig. 11 Results from the uniaxial tensile tests performed on
a specific fibre from Whatman filter paper (Fibre 1). Local
stress—strain curves obtained from the 11 ROIs along the fibre
length. The dashed lines at the beginning and end of each
curve reflect anticipated trends and are obtained by extrapola-
tion

out-of-plane displacements, it is difficult to acquire an
accurate correlation between the two images taken at
a loading step. Second, including possible measure-
ment data from such loading steps may result in an
artificial, increasing slope of the stress—strain curve,
i.e., a stiffening response (Kouko et al. 2019). After
the exclusion of these data points, the first part of
the stress-strain curve (indicated by a dashed line) is
constructed by extrapolating the measurement data
towards the origin, using a second-order polynomial
function. Further, as already described in Section
Micro-tensile test for the viscose fibre, the end of
each curve is extrapolated towards the point of frac-
ture by using a first-order polynomial function (indi-
cated by a dashed line). Note that the stress-strain
curves show a similar trend as illustrated in Fig. 9a
for the viscose fibre; initially, the response is elastic
as characterized by a constant slope, which at some
stage starts to decrease as a result of the generation of
inelastic deformations, until the fibre breaks.

The tensile stress—strain responses of the six
tested paper fibres are depicted in Fig. 12, by plot-
ting the minimum (dashed line) and maximum
(solid line) responses of the ROIs of each fibre. The
labels in the figure refer to the individual fibres,
and, for clarity, are used in the discussion below.
Observe that the individual fibre responses may be
rather different, ranging from relatively stiff (Fibre
2) to relatively compliant (Fibre 4). Further, for
all fibres the difference between the minimum and
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Fig. 12 Results from the uniaxial tensile tests performed on
the fibres from Whatman filter paper. The minimum and maxi-
mum stress—strain curves in the ROIs of each of the six tested
fibres are displayed, as respectively indicated by dashed and
solid lines

maximum responses turns out to be significant, sug-
gesting a substantial variation in the local material
properties of fibres. This variation is quantified in
Fig. 13. Here, Fig. 13a illustrates the value of the
Young’s modulus E in the ROIs of the 6 individual
fibres, whereby the colours used for distinguish-
ing the fibres correspond to those in the legend of
Fig. 12, illustrating that the total number of ROIs
differs per fibre. The relatively low number of ROIs
for Fibres 1, 4 and 6 is caused by a significant twist-
ing behaviour, as a result of which the local surface
speckle pattern required for image correlation at
some of the ROIs could not be monitored, so that
these ROIs had to be ignored in the data acquisition
procedure. Additionally, for Fibre 3 the low number
of ROIs is caused by the fact that the surface con-
centration of polystyrene particles in several ROIs
appeared to be too low for a reliable evaluation of
the local deformation. The considerable spread in
the Young’s modulus measured within each individ-
ual fibre and across the different fibres is obviously
due to the heterogeneous nature of the organically-
formed, cellulose fibres. Fig. 13b illustrates the
average Young’s modulus E and the standard devia-
tion s (indicated by the error bars) for the individ-
ual fibres and over the total number of fibres. Here,
it is emphasized that the standard deviation over the
total number of fibres is computed using the mean
values of all tested fibres (instead of all ROI val-
ues of all tested fibres). Due to the relatively low
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number of reliable measurements for Fibre 4 (i.e.,
4 measurements), the statistical data of this fibre
has been omitted in the figure. The average Young’s
modulus of the individual fibres varies between
13.2 GPa and 29.4 GPa, with standard deviations in
the range of 5.8 GPa to 11.8 GPa. Further, the aver-
age Young’s modulus and standard deviation over
the total number of fibres are 21.6 GPa and 7.3 GPa,
respectively, which characterize a range of values
that includes almost all average Young’s moduli
of the individual fibres, see Fig. 13b. Note that the
spread in the local Young’s modulus of individual
fibres is comparable to the spread in the effective
Young’s modulus across the fibres, indicating that
the present measurement technique is able to ade-
quately account for fibre stiffness variations by tak-
ing measurements from only one, or a few cellulose
fibre(s). Further, the above values of the average
Young’s moduli fall within the range of values of
4.7 to 35.1 GPa as following from other experimen-
tal works on cellulose fibres (Lorbach et al. 2014;
Kouko et al. 2019).

Fig. 13c shows the average strain at fracture &,
and the corresponding standard deviation Se, for
each of the fibres (again omitting the results for
Fibre 4). The location of the catastrophic failure
crack varied per fibre, and could not always be
traced accurately, due to its development outside
any of the ROIs. Since the fracture data is relatively
insensitive to the occasional, initial twisting of
fibres, Fig. 13c has been constructed by using the
measurement results from all ROIs of the fibres.
Observe that for the individual fibres the average
strain at fracture varies between 0.033 and 0.053,
with the standard deviation ranging from 0.010 to
0.023. These values indicate that the strain profile at
fracture is rather non-uniform, as caused by geo-
metrical and material heterogeneities in the longitu-
dinal fibre direction. Additionally, the average strain
at fracture and corresponding standard deviation
over the total number of fibres are 0.042 and 0.008,
respectively. The above values for the average strain
at fracture fall within the range of values of 0.02 to
0.34 as found in other experimental works on cellu-
lose fibres (Lorbach et al. 2014; Kouko et al. 2019).
However, the literature values were generally
obtained in a different fashion, namely by determin-
ing the global fibre strain from the relative
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Fig. 13 Results from the uniaxial tensile tests performed on
the fibres from Whatman filter paper. (a) Young’s moduli E
evaluated from the ROIs of the six tested fibres. (b) Average
Young’s modulus E of each fibre, computed as the average of
the values from the ROIs. The error bars indicate the standard
deviation s;. The rightmost (crimson red) bar shows the aver-
age Young’s modulus over the five tested fibres, together with
the corresponding standard deviation. (c) Average strain at
fracture &, of each fibre, computed as the average of the values

displacement measured across the tensile stage,
which may inadvertently account for fibre slip at the
grip surfaces. The present experimental technique
excludes this effect by evaluating fibre strains with
GDHC locally on the specimen, which may explain
why the strain values at fracture on average are
lower than those reported in the literature. The
stress-strain responses resulting from measuring
local and global strains are quantitatively compared
in more detail in Section Measurement results for
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from the ROIs, with the standard deviation s, indicated by the
error bars. The rightmost (crimson red) bar shows the average
fracture strain over the five tested fibres. Note that Fibre 4 is
excluded from the statistical analysis and thus is not included
in graphs (b) and (c). (d) Strength o, of each fibre, where the
rightmost (crimson red) bar shows the average strength value
over the six tested fibres, together with the corresponding
standard deviation

fibres extracted from historical paper dated 1834 for
two fibres extracted from aged, historical paper.

Fig. 13d depicts the tensile strength ¢, of the six
tested fibres, which is calculated as the ratio between
the maximum force registered during the tensile test
and the minimum cross-sectional area of the fibre.
Additionally, the average tensile strength of the six
fibres is illustrated by the crimson red coloured bar,
and equals o, = 621 MPa, with the corresponding
standard deviation being 432 MPa. In all but one fibre
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(i.e., Fibre 4) localized fracture occurred in the close
vicinity of the section characterized by the minimum
cross-sectional area, which confirms the correctness
of the determination of the tensile strength. Further,
the fibre strength values depicted in Fig. 13d turn out
to be in good correspondence with the strength val-
ues of 330 to 970 MPa reported in other experimental
works (Kouko et al. 2019).

Measurement results for fibres extracted from
historical paper dated 1834

Micro-tensile test

The proposed measurement methodology has been
finally applied to the analysis of two fibres extracted
from a historic paper document dated 1834. The
cross-sectional measurements of these fibres are simi-
lar to those presented in Section Cross-sectional area
for Whatman paper fibres and are omitted here for
brevity. The local strain evaluations of the two fibres
are performed within 13 (Aged Fibre 1) and 10 (Aged
Fibre 2) ROIs, and the corresponding stress—strain
responses are depicted in Fig. 14 by the blue and
light brown solid lines, respectively. In addition, the
global stress-strain curves of the two fibres are des-
ignated by the corresponding dash-dotted lines. Here,
the global strain is determined from the ratio between

—Aged Fibre 1

-+-Aged Fibre 1 (Global)
—Aged Fibre 2

L -+-Aged Fibre 2 (Global)

0 0.02 0.04 0.06 0.08

Egz ]

Fig. 14 Results from the uniaxial tensile tests performed on
the fibres from aged, historical paper dated 1834. The solid
lines represent the local stress—strain curves evaluated from the
ROIs of two naturally-aged, historic paper fibres. The dashed
lines at the beginning and end of each curve reflect anticipated
trends, and are obtained by extrapolation. The two dash-dot-
ted curves represent the global stress—strain curves of the two
fibres
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the overall displacement measured across the tensile
stage (using an LVDT) and the fibre gauge length of
767 um, and the global stress follows from the ratio
between the force recorded by the load cell and the
average cross-sectional area over the actual fibre char-
acterisation range (see Fig. 6). Observe that both the
local and global stress-strain curves of the aged fibres
are characterised by a linear, elastic branch, up to the
point of abrupt fracture. The brittle failure response
may be ascribed to fibre embrittlement caused by
aging processes (Zou et al. 1994), and clearly differs
from the tensile responses of the unaged, viscose fibre
(Fig. 9) and the unaged fibres from the Whatman fil-
ter paper (Figs. 11 and 12) that are characterized by
a gradually decreasing stiffness due to micro-damage
and/or micro-plasticity effects before catastrophic
failure. As for the unaged fibres, the spread in the
local responses of the two aged fibres is considerable,
due to their heterogeneous nature. Note further from
Fig. 14 that the global responses of the two fibres are
characterized by a substantially lower elastic modulus
and higher strain at fracture than the local responses,
i.e., up to more than a factor of two, which is caused
by an overestimated, global deformation that likely
results from inadvertently accounting for fibre slip at
the grip surfaces. It may therefore be concluded that
global stress-strain curves obtained from uniaxial ten-
sile tests on fibres generally should be treated with
caution. Furthermore, the experimental data obtained
with the present, local measuring method may be sig-
nificantly more accurate than the data obtained by a
common, global measuring method.

From the stress-strain curves in Fig. 14 the
mechanical properties of the two aged fibres have
been deduced, which are summarized in Fig. 15. The
Young’s moduli £ measured in the ROIs of the two
aged fibres are shown in Fig. 15a, indicating that the
spread in the local moduli of the two fibres is compa-
rable, but that the average Young’s modulus E of
Aged Fibre 1 is lower than that of Aged Fibre 2. This
difference is quantified in Fig. 15b, showing that the
average Young’s modulus E and corresponding stand-
ard deviation s, of Aged Fibre 1 are 11.7 GPa and
2.1 GPa, and of Aged Fibre 2 are 18.4 GPa and
2.1 GPa. Accordingly, the average Young’s modulus
across the two fibres equals 15.0 GPa, as indicated by
the yellow bar in this figure. Additionally, the average
strain at fracture £, and corresponding standard devia-
tion Se, for Aged Fibre 1 are 0.038 and 0.006, and for
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Fig. 15 Results from the uniaxial tensile tests performed on
the fibres extracted from aged paper dated 1834. a Young’s
moduli E evaluated from the ROIs of the two aged paper fibres
tested. b Average Young’s modulus E of each fibre, computed
as the average of the values from the ROIs. The error bars
indicate the standard deviation s;. The rightmost (yellow) bar
shows the average Young’s modulus over the two tested fibres.

Aged Fibre 2 are 0.030 and 0.004, respectively, lead-
ing to an average strain at fracture over the two fibres
of 0.034, see Fig. 15c. Finally, the ultimate tensile
strength o, of Aged Fibres 1 and 2 are 535 MPa and
634 MPa, respectively, in correspondence with an
average value over the two fibres of 585 MPa, see
Fig. 15d.

Comparison of mechanical properties and failure
pattern of the three fibre types

In order to compare the mechanical performance of
the aged paper fibres, the (unaged) Whatman paper
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¢ Average strain at fracture &, of each fibre, computed as the
average of the values from the ROIs, with the standard devia-
tion s, indicated by the error bars. The rightmost (yellow) bar
shows' the average fracture strain over the two tested fibres.
d Strength o, of each fibre, where the rightmost (yellow) bar
shows the average strength value over the two tested fibres

fibres and the viscose fibre in more detail, for each
of the three fibre types, the average mechanical prop-
erties over the number of tested fibres are summa-
rized in Table 1. Since for the Whatman paper fibre
the number of fibres tested was sufficiently large for
obtaining a statistically representative standard devia-
tion, this value is also listed in the table. Although
the number of tests used for determining the average
properties is different for the three types of fibres,
the overview in Table 1 nevertheless points out some
interesting features. Specifically, the viscose fibre has
a Young’s modulus that is a factor of 2.7 lower than
that of the Whatman paper fibre, and a factor of 1.9

@ Springer



4242

Cellulose (2023) 30:4225-4245

Table 1 Overview of the average mechanical properties
(Young’s modulus E, strain at fracture & and ultimate tensile
strength o,) of the three types of fibres tested (viscose fibre,
Whatman paper fibre and aged paper fibre). For the Whatman

paper fibre the number of tested fibres was sufficiently large for
computing a (statistically representative) standard deviation,
see also Fig. 13, which is also listed in the table

Viscose fibre Whatman paper fibre Aged paper fibre
Average young’s modulus, E [GPa] 8.1 21.63+73 15.0
Average strain at fracture, &[] 0.160 0.042 + 0.008 0.034
Ultimate tensile strength, ¢, [MPa] 467 621 +432 585

Table 2 Overview of the standard deviations (SD) of the
local Young’s modulus s and local strain at fracture Se, within

individual fibres of the three fibre types tested (viscose fibre,
Whatman paper fibre and aged paper fibre)

Viscose fibre Whatman paper fibre Aged paper fibre
SD Young’s Modulus, 0.6 5.8-11.8 2.1
si [GPa]
SD strain at fracture, 0.010 0.010 —0.023 0.004 — 0.006

se, [-]

f

lower than that of the aged paper fibre. Furthermore,
its ultimate tensile strength is about a factor of 1.3
lower than that of the other two types of fibres, while
its average strain at fracture is more than a factor of
4 higher. Hence, the viscose fibre is characterised
by a relatively low strength and stiffness, and a large
deformation capacity.

When comparing the average properties of the
aged paper fibre to those of the (unaged) Whatman
paper fibre, it follows that all three mechanical param-
eters of the aged paper fibre have lower values, i.e.,
the Young’s modulus, strain at fracture and ultimate
tensile strength are, respectively, a factor of 1.4, 1.2
and 1.1 lower. Again, the mechanism of fibre embrit-
tlement by ageing may (to some extent) explain why
the aged paper fibre overall has a lower mechanical
performance than the Whatman paper fibre.

For a detailed comparison of the spreads meas-
ured in the local Young’s moduli £ and local strains
at fracture &, within individual fibres of the three
different fibre types, Table 2 summarizes the values
of the corresponding standard deviations s; and Se,s

as reported previously in Sections Measurement
results for viscose fibre to Measurement results for
fibres extracted from historical paper dated 1834.
Recall that for the viscose fibre only one fibre was
tested, corresponding to listing one value for each
of the two standard deviations (instead of a range of

@ Springer

values). The table shows that the standard deviation
sg of the Young’s modulus of the viscose fibre is a
factor of 3.5 smaller than that of the aged paper
fibre, and on average a factor of 15 smaller than that
of the Whatman paper fibre. The higher spread in
the Young’s moduli of the Whatman paper fibre and
aged paper fibre compared to that of the viscose
fibre is likely due to the irregular shape typical of
organically-formed paper fibres, see also Fig. 1.
Surprisingly, this feature does not increase the
spread measured in the local strains at fracture;
instead, the value of Se, for the smooth, viscose fibre

is about a factor of two larger than for the irregular,
aged paper fibre. This result may be caused by the
essentially different fracture responses, which are
relatively ductile for the viscose fibre and brittle for
the aged paper fibre, see Figs. 9a and 14,
respectively.

For obtaining more insight into the differences in
fracture behaviour, the top view of the catastrophic
fracture pattern of the three fibre types is displayed
in Fig. 16. The viscose fibre depicted in Fig. 16a
shows a failure crack that is approximately perpen-
dicular to the loading direction. Conversely, for the
Whatman paper fibre depicted in Fig. 16b, cracks
between individual fibrils develop in the longitu-
dinal fibre direction, whereby catastrophic failure
is reached once these longitudinal cracks coalesce
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Fig. 16 Top view of the catastrophic fracture pattern of a the
viscose fibre, b a Whatman paper fibre (Fibre 6), and ¢ an aged
paper fibre (Aged Fibre 1)

by subsequent, transverse fibril fractures across the
complete fibre thickness. Finally, Fig. 16c shows
that the aged paper fibre fails in brittle fashion by
means of a single crack that develops approximately
perpendicular to the loading direction. Hence, age-
ing of paper fibres not only changes the character-
istics of the tensile stress-strain response - compare
Figs. 11 and 14, but also the characteristics of the
corresponding catastrophic fracture pattern - com-
pare Fig. 16b and c.

Conclusions

This paper proposes a novel experimental method-
ology to measure the mechanical properties of indi-
vidual fibres of micrometric length, which is based
on a combination of in-situ micro-tensile testing and
optical profilometry. In order to accurately measure
the fibre cross-sectional area, optical profilometry is
executed at the top and bottom surfaces of the fibre
specimen. The local stress is incrementally meas-
ured at specific fibre locations from the force value
recorded during the tensile test and the local cross-
sectional area. By acquisition of height profiles dur-
ing the micro-tensile testing, in combination with
Global Digital Height Correlation (GDHC) a rigor-
ous measurement of local strains at multiple locations
along the fibre length is obtained. From the local
stress—strain curves, the local Young’s moduli, strains
at fracture and ultimate tensile strengths are deduced.

The methodology has been applied to three different
types of cellulose fibres, i.e., a viscose fibre, fibres
extracted from Whatman No. 1 filter paper, and fibres
extracted from a historic paper document dated 1834.
The main conclusions of the research are listed below.

e The mean value and standard deviation of the fibre

width and thickness can be accurately determined
by optical profilometry. For the paper fibres, the
standard deviation for both the width and thick-
ness may be one order of magnitude higher than
those of the viscose fibre, which is due to their
irregular surface profile.

The combination of in-situ tensile testing and
optical profilometry allows to accurately measure
local Young’s moduli, strains at fracture and ten-
sile strengths along the fibre length, from which
subsequently the effective values of these param-
eters and their standard deviations can be deduced.
The spread in the local Young’s modulus of indi-
vidual paper fibres appears to be comparable
to the spread in the effective Young’s modulus
across paper fibres, see Fig. 13b, indicating that
the measurement technique is able to adequately
account for fibre stiffness variations by perform-
ing measurements on just one, or a few, cellulose
fibre(s). This makes the experimental methodol-
ogy very suitable for the mechanical analysis of
fibres taken from valuable and historical objects,
for which typically a limited number of samples is
available.

As demonstrated for aged paper fibres, the global
responses of paper fibres are characterized by a
substantially lower elastic modulus and higher
strain at fracture than the local responses, i.e., up
to more than a factor of two, see Fig. 14, which
is caused by an overestimated, global deformation
that likely results from inadvertently accounting
for fibre slip at the grip surfaces. Hence, global
stress-strain curves deduced from uniaxial tensile
tests on fibres should be treated with caution. In
addition, the experimental data obtained with the
present, local measuring method may thus be sig-
nificantly more accurate than the data obtained by
a common, global measuring method.

If a fibre is twisted, the local measurement of
strain and cross-sectional area can still be carried
out accurately for those fibre sections that expe-
rience limited twisting. Hence, the test does not
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need to be discarded, as would be the case when
the strain and cross-sectional area were deter-
mined from a global measurement method.

e The aged paper fibre has a lower Young’s modu-
lus, strain at fracture and tensile strength than the
unaged Whatman paper fibre. The mechanism
of fibre embrittlement by ageing may (to some
extent) explain the lower mechanical performance
of the aged paper fibre, see Table 1. As further
indicated in this table, in comparison to the paper
fibres, the viscose fibre is characterised by a lower
tensile strength and Young’s modulus, and a larger
strain at fracture.

e The local Young’s moduli within the Whatman
paper fibre and aged paper fibre show a larger
spread than those within the viscose fibre, see
Table 2, which is likely due to the irregular shape
typical of organically-formed paper fibres, see
Fig. 1. Conversely, the spread in the local strains
at fracture within the irregular, aged paper fibre is
about a factor of two smaller than for the smooth,
viscose fibre. This result may be caused by the
essentially different fracture response, which is
relatively ductile for the viscose fibre and brit-
tle for the aged paper fibre, see Figs. 9a and 14,
respectively.
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