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Abstract. The characterization of mechanical properties of cellulose based nanomaterials at the nanometer scale is fundamental in
the development and optimization of a broad range of technological products where these nanomaterials are used for their unique
physical and chemical properties. HarmoniX is an atomic force microscopy (AFM) based technique which takes advantage of the
use of a T-shaped cantilever, the torsion of which is excited during the surface scan in tapping mode. This results in a torsional
signal that can be analyzed in real time to map, simultaneously to the topographic reconstruction, sample mechanical properties
like the elastic modulus, tip-sample adhesion, or energy dissipation during the indentation cycle. Here we report preliminary results
concerning the capability of HarmoniX to characterize the mechanical properties of nanocellulose fibers from hazelnut tree shells
previously separated from their matrix via chemical treatment.

INTRODUCTION

Cellulose and nanocellulose can be a valid solution to various environmental problems, representing an ecosustainable
alternative that can potentially replace polluting and non-recyclable materials in many uses. Cellulose is the most
abundant organic compound on Earth and it is the main constituent of plant fiber, it is used in various fields around
the world due to its availability, biocompatibility, biological degradability and sustainability. Similarly, nanocellulose
extracted from agricultural waste, is gaining attention for its exceptional mechanical and thermal properties, as well
as for environmental compatibility and affordability. The use of a by-product of important agricultural residues or
food crops for fibrous applications will benefit the environment by saving the natural resources required to produce
natural and synthetic fibers. The term nanocellulose (NC) refers to cellulosic extracts or treated materials having
structural dimensions at the nanometer scale. Cellulose can be extracted from various natural sources such as wood
pulp, sunflower, pinecones, fruit and vegetable pomace, sago seed shells, sugar cane bagasse, rice husk, bacteria, waste
products in wood processing and from agricultural wastes [1]. Since it originates from renewable matter, or can even
be obtained by low-value wastes, and thanks to its abundance in nature, cellulose represents an intrinsically safe and
‘green’ resource, which could revolutionize the sciences of materials and biomaterials. Extraction of cellulose from
lignocellulosic sources may be conducted by several and sometimes sequential mechanical and chemical methods.
In order to obtain NC, cellulose must undergo controlled acidic hydrolysis (usually with sulfuric acid), or enzymatic
hydrolysis. There are three main classes of NC: cellulose nanocrystals (CNCs), cellulose nanofibers (CNFs) and
bacterial nanocellulose (BNC). These families differ from each other for their source, functions, applications and size
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of the isolated cellulosic material: for example, CNCs are 5 − 10 nm wide and 100 − 300 nm long, while CNFs 
are 5 − 50 nm in width and up to several micrometers in length [2, 3]. However, they share unique properties such 
as high aspect ratio, low density, biodegradability, great strength and rigidity. Due to their mechanical and chemical 
properties (i.e. flexibility, resistance, high aspect ratio), CNFs found applications in different fields and are extremely 
promising as a component of innovative industrial products. It is extremely suitable as a reinforcement in composite 
materials such as high density polyethylene (HDPE) [4] or to build composite materials to replace plastics [5], such 
an application can cover many different fields like food packaging [6, 7] thanks to the oxygen barrier properties due 
to their density and highly crystallinity [8]. However, CNFs have also been studied for medical applications such as 
pharmaceuticals, biomedical and drug delivery [9, 10], environmental applications such as water purification [11] and 
recycled paper production [12], but also in the electrochemical field as a thin film electrodes for supercapacitors [13]. 
Therefore, due to the wide range of applications the capability to characterize the mechanical properties of CNFs at 
the nanometer scale is extremely important from both a scientific and technological point of view. Really, given their 
characteristic dimensions, methods are required which can determine the mechanical properties of NC samples by 
positioning the measuring probe on selected locations of the sample with nanometer lateral resolution and testing a 
nanometer-sized volume of the sample. These requirements suggested the use of nanomechanical methods based on 
atomic force microscopy (AFM), where a nanometer sized probe is used to reconstruct the morphology of the sample, 
can be positioned at selected locations of the surface, can test the mechanical response of the material, and can map the 
determined mechanical parameters on the sample surface simultaneously to the morphological reconstruction [14]. 
Among the different AFM based techniques for the mechanical characterization at the nanometer scale, HarmoniX 
mode is a method where a T-shaped cantilever is used to reconstruct the sample morphology in tapping mode [15]. 
During the tapping, the out-of-axis tip periodically indents the sample surface resulting in the excitation of torsional 
oscillations of the cantilever. The cantilever torsional signal is acquired an analyzed to extract force-distance curves. 
These latter allow the mapping in real time of different mechanical parameters including the sample indentation 
modulus, the tip-sample adhesion force, and the energy dissipated during the tapping due to the tip-sample contact 
[16, 17]. HarmoniX can be successfully used to mechanically characterize soft materials in a relatively broad range 
of elastic modulus, i.e., from about 1 MPa to 10 GPa [18]. HarmoniX has been used to study polymers, polymer 
blends, and polymers reinforced with nanomaterials [19–22], bacterial nanowires [23], nanoparticles internalized in 
cells [24], resin-embedded wheat aleurone particles [25].
In this work, the results of a preliminary study aimed at exploring the capability of HarmoniX to characterize the 
mechanical properties of NC fibers obtained from hazelnut tree shells have been reported. First, NC fibers have 
been imaged using scanning electron microscopy (SEM). Quantitative morphological investigation of the obtained 
nanomaterial was performed through AFM. Finally, accurate quantitative mapping of mechanical modulus has been 
carried out in order to assess the effectiveness of HarmoniX in the analysis of NC samples.

EXPERIMENTAL

Sample Preparation
Samples for SEM and AFM measurements were obtained by diluting NC suspension with distilled water. A dilution 
ratio of 1:120 and 1:1200 was used for the preparation of SEM and AFM specimens, respectively, where different 
dilution ratios were required to optimize the two different characterization methodologies. Drops of diluted samples 
were deposited on Si substrates and maintained at room temperature until complete drying.

Scanning Electron Microscopy
The surface morphology of the sample was analyzed through scanning electron microscopy (SEM). The instrument 
used for SEM analysis is a field emission SEM (FESEM, AURIGA, Zeiss) which was used to visualize the character-
istic dimensions of the sample without any conductive coating. The acceleration voltage was set at 10 kV.

Atomic Force Microscopy
The morphology of the samples was studied using a standard AFM setup (Dimension ICON, Bruker Inc.) in tapping 
mode with standard Si cantilevers (RTESP, Bruker Inc.), in air and at room conditions.
Mechanical characterization of the samples was performed in HarmoniX mode using the same AFM instrumentation
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FIGURE 1. SEM image of the sample surface showing bundles of cellulose fibers.

equipped with HMX-10 (Bruker Inc.) probes, in air and at room conditions. Quantitative maps of indentation modulus,
which require the evaluation of the actual tip-sample contact radius, were obtained after calibration using a reference
material constituted of a blend of polystyrene (PS), with indentation modulus of 2 GPa, and low density polyethylene
(LDPE), with indentation modulus of 100 MPa (PS-LDPE sample, Bruker Inc.).

RESULTS AND DISCUSSION

Figure 1 shows a typical SEM image of the surface of the sample showing the presence of bundles of cellulose fibers
with sub-micrometer diameter and length from tens to hundreds of microns. The structure of the observed fibers was
analyzed using AFM. Figure 2 shows typical AFM data for the fibers at two different magnifications, including the
topography reporting the quantitative value of the local height of the sample (Fig. 2a and d), the amplitude error
image which enable one to visualize the fine details of the surface (Fig. 2b and e), and the phase image (Fig. 2c and f)
which reflects the not homogeneous energy dissipation at the tip-sample contact during each tapping cycle [26], thus
enabling one to clearly distinguish the fibers from the substrate. AFM characterization clearly indicates that the fibers
are actually composed of bundles of CNFs with diameter of 50 − 60 nm and micrometric length. Therefore, SEM
and AFM morphological characterizations indicate that cellulose nanofibers were actually isolated from hazelnut tree
shells, thus confirming the effectiveness of the applied protocols for the treatment of lignocellulosic residues from the
agrifood supply chain.
In order to verify its capability to map the transverse (i.e., along the radial direction) elastic properties of single CNFs,
to serve as a preliminary study for its use in a comprehensive study on different cellulose based nanomaterials, we
performed the nanomechanical characterization of the same CNFs sample using HarmoniX mode, an example of
which is reported in Fig. 3. Figure 3 shows the topography of a region of sample where bundles of CNFs are visible
(Fig. 3a), the corresponding images of amplitude error (Fig. 3b) and phase shift (Fig. 3c), which are analogous to
those we obtained using standard AFM tapping mode. In addition, Fig. 3d shows the corresponding map of tip-sample
adhesion force, which is coherent with the (qualitative) information deducible from phase image. Figure 3e shows the
corresponding map of the elastic modulus after calibration using the PS-LDPE reference sample. The map indicates
that the fiber is stiffer than the substrate. Indeed, after statistics on a selected area like the one indicated in Fig. 3e, the
elastic modulus of the fiber can be evaluated as high as 4.1 ± 0.1 GPa, while the modulus of the substrate is evaluated
as high as 2.9 ± 0.1 GPa. The values obtained for the fibers and the substrate fall within the range of applicability
of HarmoniX. In particular, the value of elastic modulus of 4.1 ± 0.1 GPa obtained for the cellulose fibers seems
coherent with data reported in literature. For instance, values in the range of 12− 23 GPa have been found using AFM
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FIGURE 2. Example of AFM characterization of CNFs sample at different magnifications: topography (a and d), amplitude error
(b and e), and phase images (c and f).

nanoindentations [27] while the indentation of cellulose in the wet state resulted in values of modulus in the range of
tens of kilopascals [28]. Really, axial modulus values of CNFs as high as 90 − 110 GPa determined using three-point
bending tests with AFM have been recently reported, which are compatible with values retrieved with X-ray diffraction
on crystalline regions of fibers [29]. Conversely, elastic modulus values of 6−7 GPa have been obtained on CNFs films
using tensile tests [30, 31] or three-point bending tests [32]. While the axial modulus of the fibers is often reported,
the characterization of the transverse elastic modulus using AFM-based nanoindentation is rather new, and recently
a value of 6.9 ± 0.4 GPa has been reported, in good agreement with our results [33]. Really, it must be noted that
depending on the mechanical and geometrical parameters of the CNFs, the use of simple contact mechanics models
like Hertz or Derjaguin-Muller-Toporov [34] neglecting the finite lateral dimensions of the sample may result in the
incorrect evaluation of experimental data. For instance, using PeakForce Quantitative Nanomechanical Mapping (PF-
QNM), an apparent modulus of isolated CNCs of 5 GPa was obtained which was eventually corrected as 20 GPa after
analyzing the experimental data using finite element analysis (FEA), thus obtaining an average transverse modulus of
CNCs of 8 GPa, with however a 95% confidence interval of 2.7 − 20.0 GPa considering all the possible sources of
experimental uncertainty [35].
Conversely, the value of 2.9 ± 0.1 GPa obtained in correspondence of the substrate is far lower that the indentation
modulus of monocrystalline Si, which can be calculated as high as 165 GPa and 175 GPa for (100) and (111) Si,
respectively [36]. Actually, the expected values for Si are well above the value of about 10 GPa corresponding to the
maximum of the range in which the accuracy of HarmoniX has been demonstrated [18] and, thus, the saturation of the
elastic modulus channel would be expected in correspondence of the substrate. The value of 2.9±0.1 GPa suggests the
presence of a uniform layer of soft material on the substrate which could result from residuals of the preparation. In
order to confirm this hypothesis, we performed an experiment analogous to those used in the so-called ‘hole-digging
method’ for the measurement of the thickness of thin polymeric films on stiff substrates [37]. After imaging the same
surface in tapping mode using a standard tapping mode cantilever, a square area with side of 500 nm was selected
and imaged by switching the operation modality from tapping to contact mode in order to intentionally remove the
layer of soft material. Figure 4 shows the result of this experiment. Figure 4a is a SEM image of the surface where
the scratched area is visible. The AFM system was then switched again in tapping mode to acquire the morphology
of the area. Figure 4b shows the AFM amplitude error image, which clearly indicates that the mechanical scratch
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FIGURE 3. Example of nanomechanical characterization of CNFs sample using HarmoniX: (a) topography, (b) amplitude error,
(c) phase, (d) adhesion force, (e) elastic modulus map, (f) statistics of the elastic modulus of the fiber calculated from the area
indicated in the rectangle in (e).

removed the soft and rough layer leaving visible the stiff and flat substrate in agreement with SEM images. From
the topographical image (Fig. 4c), a profile was selected (Fig. 4d) from which the thickness of the soft layer was
evaluated as about 20 nm. Actually, the small value of the thickness of the layer could be responsible for the increase
of the measured elastic modulus, although HarmoniX is a technique characterized by a shallow penetration into the
sample [38, 39]. Really, the actual value of the elastic modulus of the layer is not interesting in itself. Nevertheless, the
presence of such a layer on the nanofibers would result in an increased value of the measured diameter of the fibers.
Also, as the layer is softer than the CNFs, its presence would result in a reduction of the apparent elastic modulus
of the fiber. The extraction of the map of the elastic modulus of sole CNFs would require its deconvolution from the
measured map of the apparent elastic modulus [40]. Really, the contrast in AFM phase images of the fibers (e.g., Fig.
2c and f or Fig. 3c) seems to suggest that the material observed on the substrate is not present on the fibers. However,
while it is actually possible to isolate the nanocellulose, the treatments to which the sample was initially subjected is
demonstrated to leave a high quantity of organic residuals. It is therefore advisable to consider improving the chemical
treatments to have greater purity and quality of the material in order to develop innovative biobased products in the
future.

CONCLUSIONS

In conclusion, a preliminary study was carried out in order to explore the capability of HarmoniX, an AFM based tech-
nique which allows the mechanical analysis of materials at the nanometer scale, to characterize cellulose nanofibers
isolated from hazelnut tree shells by acid hydrolysis. SEM and AFM morphological analysis confirmed the effective-
ness of the chemical treatment to obtain micrometer size bundles of CNFs with diameter of a few tens of nanometers.
Nanomechanical characterization using HarmoniX allowed us to evaluate the elastic modulus of the fibers as high
as 4.1 GPa, demonstrating the effectiveness of this technique for the characterization of this kind of nanomaterials.
Also, the nanomechanical analysis allowed us to identify the presence of residuals of the chemical treatment which
should be avoided in the future optimization of sample treatment to obtain CNFs. The great potential of cellulose
based nanomaterials obtained from several plant wastes offers requires an appropriate characterization for their use as
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FIGURE 4. Measurement of the thickness of the layer using the hole-digging method: SEM (a), AFM amplitude error (b), and
AFM morphology (c) of the scratched area and (d) profile of the dotted line indicated in (c) used to evaluate the film thickness.

green carriers of organic active ingredients useful in eco-sustainable plant protection strategies [41, 42]. The ultimate
goal that we hope to achieve is to introduce nanocellulose-based solutions on the market not only as a reinforcement
but also for other innovative applications. Given its characteristics as an eco-sustainable, biodegradable and renew-
able material, it assures greater safety for the environment and human health, representing a promising solution as
sustainable product.
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