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Abstract
The elastic properties of Cellulose Nanocrystals (CNCs) 

remain poorly characterized. Atomic force microscopy 
(AFM) methods were used to estimate the transverse 
elastic modulus (Et) of individual, isolated CNCs derived 
from Tunicates. Understanding Et is important because 
it may lead to a better understanding of how CNCs 
behave in composite materials. Previous molecular mod-
eling studies have shown the Et for CNCs to be between 
11 to 57 GPa and were dependent on crystallographic 
orientation. This value is smaller than the axial modu-
lus of 120 to 147 GPa. The main focus of this research is 
the interpretation of the AFM force curve data and the 
modeling implications when extracting Et using ana-
lytic continuum contact mechanics. Approximately thirty 
force curves were analyzed along the length of a single 
CNC. The distribution of Et has a mean of 9 GPa and a 
standard deviation of 2.6 GPa; however, by considering 
the uncertainty in the applied curve fitting procedure, 
the range of Et can be considered to be between 2 and 37 

GPa. This distribution of modulus was considered to be a 
result of measuring a quantity near the noise floor of the 
AFM scanning procedure, rather than material property 
variation along the CNC. 

Introduction 
Cellulose is the earth’s most abundant biopolymer and 

is present in a wide variety of living species that use cel-
lulose as a reinforcement material (trees, plants, tuni-
cates—a group of abundant saclike filter feeding organism 
found in the oceans). In plants and trees, cellulose chains 
self-assemble into microcrystalline fibers, this base 
reinforcement unit provides high mechanical strength, 
high strength-to-weight ratio, and high toughness. 
Microcrystalline cellulose fibers are composed of crystal-
line and amorphous regions, and by selectively dissolving 
the amorphous regions with acid hydrolysis, the remaining 
crystalline regions can be liberated (Samir et al. 2005) and 
retain the natural cellulose I crystalline structure (Araki 
et al. 1998, Bondeson et al. 2006). These nanoscale cellu-
lose crystals are called cellulose nanocrystals (CNCs). 

Cellulose nanocrystals offer a unique “building block” 
on which a new biopolymer composites industry can be 
based (Fig. 1). The mechanical properties of CNCs are 
greater than other types of natural cellulosic materials 
(Table 1), and in some cases superior to other more tra-
ditional reinforcement materials (Table 2). Other advan-
tages of CNCs are their high aspect ratio, low density 
(1.56 g/cm3), and a reactive surface of –OH side groups 
that facilitates grafting chemical species to achieve differ-
ent surface properties (surface functionalization). Surface 
functionalization allows the tailoring of CNC surface 
chemistry to facilitate self-assembly, controlled dispersion 
within a wide range of matrix polymers, and control of 
both the CNC-CNC and CNC-matrix bond strength. 
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In spite of the great potential of CNCs as a functional 
nanoparticle for green polymer nanocomposite materi-
als, a fundamental understanding of the CNC proper-
ties and their role in composite property enhancement 
is not available. The axial CNC properties have been 
considered of primary importance on composite prop-
erties, but the load-transfer from the matrix to the 
CNC through the CNC-matrix interface region dic-
tates the composite mechanical properties (Eitan et al. 
2006). Because of this, it is imperative to characterize 
the transverse CNC properties. Unfortunately, there 

is limited understanding of the intrinsic properties 
of CNCs. What is known is based on measurements 
of microcrystalline cellulose within its “native state” 
(i.e., within the wood or plant tissue prior to CNC 
extraction), and there is little consideration of prop-
erty anisotropy resulting from the CNC crystalline 
structure. Without accurate knowledge of the intrinsic 
properties of CNCs, the advancement of CNC-based 
composites is seriously impeded. 

The purpose of this study is to address this gap by 
developing the necessary protocols for using of atomic 

Figure 1. ~ a) AFM topography map of CNCs deposited on mica, b) AFM topography map of an isolated CNC, c) height 
profile of the isolated CNC. 

Table 1. ~ Properties of cellulose-based materials.

Material
Tensile 

strength Elastic modulus Reference

EA
† ET

‡

(GPa) ––––––––– (GPa) –––––––––
Cotton 0.3–0.6 5.5–12.6 – Eichhorn et al. 2001
Soft wood Kraft¶ – 17–20 – Neagu et al. 2006
Loblolly pine
  Earlywood 0.3–0.7 14–18 – Mott et al. 2002
  Latewood 0.4–1.4 19–27 – Mott et al. 2002

Cellulose microfibrils
  Ramie fibers 0.8 27 – Ishikawa et al. 1997
  Flax and hemp – 25 ± 4 – Eichhorn and Young 2001
  Bacteria – 78 ± 17 – Guhados et al. 2005

Cellulose I 
  Experimental – 120–135 – Matsuo et al. 1990
  Modeling – 124–155 – Tanaka and Iwata 2006

11–57 Jaswon et al. 1968, Tashiro and Kobayashi 1991
7.5 27 Mark 1968

Cellulose nanocrystals – 143 – Šturcová et al. 2005
†EA = Elastic modulus in axial direction.
‡ET = Elastic modulus in transverse direction.
¶Wood fiber mats tested in bending and tensile loading.
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force microscopy (AFM) techniques to characterize CNCs’ 
transverse mechanical properties.

Background
Atomic Force Microscopy

Atomic force microscopy is a diverse instrument that 
is capable of measuring nanometer-scale features on 
surfaces for a variety of materials (Binning and Quate 
1986). A general AFM setup is shown in Fig. 2. Typically, 
an AFM works by bringing a sharp tip mounted on a mir-
cocantilever into contact with a sample and monitoring 
the response of the cantilever with a laser photodiode 
system. The sample is mounted on a piezo-electric device 
providing precise displacement control in three dimen-
sions. An AFM is capable of operating in several modes 
(tapping, contact, force displacement), and under many 
different environments (vacuum, vapor, fluid). Atomic 
force microscopy can measure many different surface 
properties, such as topography, elasticity, adhesion, ther-
mal, and electrical (Butt et al. 2005).

Several AFM modes exist for measuring elastic proper-
ties of surfaces. Force displacement methods (Weisenhorn 
et al. 1989), force modulation microscopy (Maivaldt et 
al. 1991), and contact resonance AFM (Yamanka and 
Nakano 1998) are a few examples. In the current study, 
force displacement AFM is utilized because it is the 
simplest mode to implement and it allows for extensive 
model considerations to be made with respect to AFM 
tip-surface geometry. Its main disadvantage is that it 

is a static mode and cannot use a lock-in amplifier, thus 
having a higher noise floor. 

In force-displacement mode, the force (F) is recorded 
as a function of the sample displacement (Z) (Fig. 3a). 
F and Z are calibrated in standard method (Butt et al. 
2005). This process results in a force-displacement curve 
(FZ curve). To relate the resulting elastic response within 

Table 2. ~ Properties of several reinforcement materials.

Material Density
Tensile 

strength Elastic modulus Reference

EA
† ET

‡

(g/cm3) (GPa) ––––––––– (GPa) –––––––––
Fibers
  E-glass 2.5 3.5 72 – Callister 1994
  Kevlar-49 1.4 3.5 124 – Callister 1994

– 130 2.5 Kawabata et al. 1993
  Carbon 1.8 1.5–5.5 150–500 – Callister 1994
  High carbon steel wire 7.8 4.1 210 – Callister 1994

Whiskers
  Graphite 2.2 20 690 – Callister 1994
  Aluminum Oxide 3.9 14–28 415–550 – Callister 1994

Nanoparticles
  Clay platelets – – 170 – Hussain et al. 2006
  MWCNTs¶ – 11–63 270–950 – Yu et al. 2000
  Boron whiskers – 2–8 250–360 – Ding and Himmel 2006
  Graphite platelets – – 1000 – Hussain et al. 2006
†EA = Elastic modulus in axial direction.
‡ET = Elastic modulus in transverse direction.
¶MWCNTs: Multi-walled carbon nanotubes.

Figure 2. ~ Typical AFM setup. Cantilever: 100–300 µm 
long, 20–40 µm wide, and 2–7 µm thick with a 10–30 µm 
long tip with a 2–10 nm shape tip at the end. Z-piezo: 
Used to move the sample. Laser-Photodiode System: Used 
to monitor the cantilever response. Feedback Control: 
Used to control the Z-piezo.
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the FZ curve (Region 3) to the elastic properties of the 
sample the FZ curve must be converted into a force vs. 
tip-sample distance curve (Fd curve). This is accom-
plished by subtracting the cantilever defection (D) from 
the sample displacement (Z) (Fig. 4). This Fd curve 
describes the AFM tip indentation of the sample surface 
(Fig. 3b). The sample elastic modulus can be extracted 
from an Fd curve by fitting an appropriate material-
mechanics model to the curve. This is a standard AFM 
method that has been used in many previous studies 
(Butt et al. 2005).

Modeling
Several different models can be applied to force dis-

tance curves. These models include molecular dynam-
ics simulation (MD), finite element modeling (FEM), 
and analytic continuum contact mechanics approaches. 
Molecular dynamics simulation solves the system 
response by considering the interaction between atoms 
and molecule. This is very powerful, but requires exten-
sive knowledge about precise system characteristics as 
inputs, and is computationally expensive. Finite element 
modeling solves for the system response by dividing the 
system into many small elements and then considers a 
force balance on each element. It is not as computationally 
expensive as MD, but is based on continuum assumptions 
for system behavior that may break down at small scales. 
Typical analytic continuum contact mechanics work by 
solving a boundary value problem in a given domain for 
a given set of physical laws. Analytically based models 
require very little computational cost and can provide 
powerful insight into a material system. However, they 
also tend to be the least accurate in describing the actual 
system. This arises from the extensive assumptions often 
necessary to arrive at an analytic solution. 

Hertzian contact mechanics is one example of an ana-
lytical contact mechanics model (Hertz 1896). Hertz con-
tact is derived by assuming that contact is initialized at a 
single point (point contact) and that contact area evolves 
in an ellipse as the loading is increased. Hertz con-
tact assumes that the material is isotropic, continuous, 

piecewise smooth, semi-infinite, frictionless, and adhe-
sive forces are not present. Despite its simplicity Hertz 
contact is still useful and often appears in AFM litera-
ture because of its ease of implementation. 

Experimental Procedure
Tunicate CNC samples were provided by Professor 

Christoph Weder of Case Western Reserve University. The 
preparation of these crystals is described elsewhere (Berg 
et al. 2007). Tunicate CNCs are used in this study because 
they exhibit more uniform shape compared to other CNC 
sources; furthermore, tunicate whiskers are slightly larger 
than other CNC sources and tend to agglomerate less. 
These CNC whiskers have lengths that range from 500 to 
10,000 nm and diameters that vary from 5 to 20 nm (Fig. 1). 
This corresponds to an aspect ratio (L/D) of 25 to 1000. For 
AFM work a 0.1 mg/mL aqueous CNC solution was depos-
ited on freshly cleaved grade V1 mica and allowed to sit in 
a nitrogen atmosphere overnight. 

A Nanotec Electronica AFM and Dulcinea controller 
(Madrid, Spain) was used to measure force-displacement 

Figure 3. ~ a) Force-displacement 
(FZ) curve: 1) Noncontact region—tip 
and sample do not interact; 2) jump to 
contact instability—attract force gra-
dients cause the cantilever tip to snap 
into contact with each other; 3) elastic 
response—this region is used to exact 
elastic properties. The slope of the line 
represents the combined stiffness of 
the cantilever and sample. 4) Pull off 
force: This is the force required to with 
draw the tip from the sample; b) force-
distance (Fd) curve: a model is fit to 
this curve to extract Et.

Figure 4. ~ Coordinate system for force curve analysis: D 
is the cantilever displacement, d is the tip sample defor-
mation, and Z is the sample piezo (Z-piezo) motion.
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curves on a single isolated CNC. Measurements were 
done in dry nitrogen (RH ~ 0.1%) to minimize meniscus 
effects. AppNano FORT force modulation cantilevers 
(AppNano.com) with a nominal spring constant of 3 N/m 
were used for imaging. Each cantilever was calibrated via 
Sader’s method to determine the actual stiffness (Sader 
et al. 1999). Image processing was done in the WSxM 
(version 4.0) software (Horcas et al. 2007). 

Force volume (FV) mode in the WSxM software was 
used to acquire simultaneous topography and force dis-
placement data. Force volume mode is similar to stan-
dard force displacement AFM, except that the feedback is 
turned on between the forward and backward curves to 
acquire surface location. Surface location is defined as a 
set amount of cantilever defection (set point). Force vol-
ume mode creates a map of topography and force displace-
ment curves over a specified area. 128 × 128 pixel maps 
were acquired on the CNC/mica surface, typically over an 
area about 300 × 300 nm. The set point for the topogra-
phy image was approximately 40 nN. Each force displace-
ment curve consists of about 125 data points, has a Z ramp 
range of about 80 nm, and was acquired at a rate of about 
30 Hz per FZ curve. By creating a map of the surface FZ 
curves can be analyzed at any location on a CNC. 

Analysis Technique for Elasticity Extraction
Four steps were used for extraction of transverse elas-

tic modulus (Et) of CNCs from AFM measurements. First, 
FZ curves must be measured on the CNC. Second, the 
FZ curve must be converted into an Fd curve. Third, an 
appropriate model must be fit to the Fd data. Fourth, Et 
must be extracted from the model.

To convert an FZ curve into an Fd curve the distance, 
d corresponding to a given sample displacement, Z is 
given by:

	 d = Z – D	 [1]

where D is the cantilever deflection corresponding to a 
given sample displacement (Fig. 4). 

Next, a model is fit to the Fd curve. For a preliminary 
analysis the Hertz model for a sphere contacting a cyl-
inder was employed (Boresi 1978). The sphere approxi-
mates the AFM-tip and the cylinder approximates the 
CNC. The Hertz solution predicts a force distance rela-
tionship of the form:

	 F = Cd3/2	 [2]

where C is a constant related to surface geometry and 
material properties. Specifically:

	 	 [3]

	 , 	 [4, 5]

, 	[6, 7]

	 	 [8]

where Ri is the radius, Ei is the Young’s modulus of the 
material, ni is the Poisson’s ratio of the material, sub-
script S represents the sphere, and subscript C repre-
sents the cylinder. The constant k is the ratio of the major 
and minor axis of the contact ellipse. Where k and kp are 
found by numerically solving:

, 	 [9,10]

Several AFM studies have used the similar models (Palaci 
et al. 2005, Zhao et al. 2008). Based on Eq. [2]:

	 F = kLa(dp + b)3/2	  [11]

is an appropriate functional form to fit to the Fd data. In 
Eq. [11], kL is the cantilever stiffness, a is the elasticity 
fitting parameter related to Et, b is a fitting parameter 
that corrects for the fact that the zero surface displace-
ment is arbitrarily defined (surface fitting parameter), 
and dp is the distance prior to this offset correction. In 
terms of Eq. [3]:

	 C = kLa	 [12]

thus a can be related to Et by Eqs. [3–10]. Equation [11] 
is fitted to the Fd data with a nonlinear least squares fit-
ting procedure.

Results and Discussion
FZ data collected on an isolated tunicate CNC are 

shown in Fig. 5. A segment of an isolated 5 nm diameter 
CNC is analyzed (Fig. 5a). The map consists of 128 × 128 
FZ curves. 32 FZ approach curves were extracted along 
the apex of the crystal (~60 nm length segment) because 
that is where the contact geometry is closest to the mod-
eling assumptions (Fig. 5b). 

The 32 converted Fd data sets and corresponding 
curve fits from Eq. [11] are shown in Fig. 6. For each of 
these curve fits, the R2 value, the 95% confidence interval 
(CI), and the value of the a fitting parameter are shown 
in Fig. 7 and 8 respectively. The R2 value represents how 
well the model function fits the data. R2 values near one 
indicate good agreement with the model function and R2 
values far from one indicate poor agreement. The R2 val-
ues in this study fall in an intermediate region. The 95% 
CIs are the range in which the algorithm is 95% confi-
dent the fitting parameter is within. Understanding this 
range is important for understanding the uncertainty in 
the final reported value of Et. Ultimately, the main out-
put from this process is the distribution of the fitting 
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parameter a. The mean value of a is 30 nm–1/2 and the 
standard deviation of a is 9 nm–1/2. Note that two curves, 
which correspond to curve fit numbers 17 and 18, appear 
to be outliers. By removing them, the lowest two R2 val-
ues are removed and the mean value of a becomes 32 
nm–1/2 and the standard deviation of a is 8 nm–1/2. 

The large variations of these parameters can result 
from several factors, such as variations in contact geom-
etry, large changes in materials properties within the 
CNC, and the measured quantities being near the noise 
floor of the AFM system. Since the tunicate CNCs are 
very uniform in height and FZ curves are obtained from 
the CNC apex (Fig. 5b), the main cause of variations in 
contact geometry would be AFM-tip shape changing from 
one FZ curve to the next. This is considered unlikely as 

this effect would result in systematic changes in topog-
raphy from image to image and this was not observed. 
Nor are the large distributions likely to be from changes 
in material properties within the crystal. Tunicate CNCs 
have highly uniform diameters along the length and likely 
have uniform material properties as well. Additionally, 
the region of the tunicate CNC from which measure-
ments were analyzed were along a straight region of the 
whisker far removed from the end regions of the crystal, 
thus minimizing the likelihood of defects being intro-
duced into the structure (Fig. 5). The most likely source 
of the variations is considered to result from the noise 
in the AFM measurements, which can come from many 
sources. In this study it is likely that hysteresis of the 
Z-piezo and thermal, electrical, and mechanical noise in 

Figure 5. ~ The Tunicate CNC tested in this study. a) Topography of CNCs on mica, b) AFM topography image acquired 
with force displacement data. CNC diameter is approximately 5 nm (after removing the influence of AFM-tip dilation 
effects, which makes the CNC appear to be 50 nm wide), c) force-displacement curves where extracted from 32 points 
along the apex of the CNC (blue line).

Figure 6. ~ Converted AFM force distance data and over-
laying Hertzian curve fits for the 32 FZ curves in Fig. 5. 
Blue dots represent processed data and black curves rep-
resent curve fits. 32 Fd curves are considered, but there 
are two apparent outlier curves that should be noted. 

Figure 7. ~ R2 values of the Eq. [11] curve fits of the 
Fd data shown in Fig. 6. R2 values near one indicate 
good agreement between the curve fits and experimental 
data. The lowest two R2 values are for the two apparent 
outlier curves. 
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the cantilever response are the dominant sources. Since 
the distance measurement is the difference of these quan-
tities, noise from both sources contributes the scatter of d. 
This combined noise is significant when compared to the 
maximum magnitude of d, which is about 5 angstroms. 
Therefore, it is likely that the measured quantity being 
near the noise floor of the AFM measurement system is 
responsible for the large scatter in the data and thus the 
large range of outputs from the fitting algorithm. This 
issue can be addressed by lowering the noise floor via 
improvements in the measurement system or by analyz-
ing a large number of FZ curves.

The parameter a can be related to Et by Eqs. [3–10] 
with parameter values of: Etip = 100 GPa, ntip = 0.3, ncnc = 
0.3, Rtip = 20 nm, Rcnc = 5 nm. Figure 9 shows the calcu-
lated Et and the 95% CI for each curve fit. The distribu-
tion of Et on this isolated CNC has a mean of 9 GPa and a 
standard deviation of 2.6 GPa (excluding the two appar-
ent outlier curves fit 17 and 18). If the 95% CI of the fit-
ting parameter a is considered, then the 95% CI range 
of Et is 2 to 37 GPa. This suggests a much greater range 
in the measured value of Et. The predicted value of Et is 
in agreement with previous molecular dynamics model-
ing studies (Jaswon et al. 1968, Mark 1968, Tashiro and 
Kobayashi 1991). As indicated earlier, this large range 
in transverse modulus is not likely to result from large 
changes in properties along CNC length, but rather from 
the measurement being close to the noise floor of the 
AFM measurement system used in the current study. 

Additionally, it should be noted that an isotropic model 
is being used to extract an anisotropic material property; 
thus, the significant output is not so much the predic-
tion of Et but the demonstration of the ability to map out 

material property measurements with nanometer-scale 
resolution within a statistical framework on a surface 
with significant geometric features. This procedure could 
potentially be used to analyze a very large number of 
FZ curves and study the variability of elastic properties 
within a single CNC and between CNCs with an exten-
sive uncertainty analysis. In the future more sophisti-
cated material models will be considered and the analysis 
will be performed for a large number of CNCs. 

Conclusion 
An analysis of AFM force-displacement curves (FZ 

curves) on an isolated tunicate-derived CNC was per-
formed. The FZ curves were converted into force-distance 
curves (Fd curves) and fit with a Hertz contact model to 
extract Et. One isolated CNC was analyzed and Et was 
found to have a distribution with a mean value of 9 GPa 
and a 2.6 GPa standard deviation. By incorporating uncer-
tainty in the curve fit parameter a (used to calculated Et) 
it expands the range of possible Et: 2 to 37 GPa. The wide 
distribution of this estimated modulus was not likely a 
result of material property variation within the CNC, but 
rather a result of measuring a quantity near the noise floor 
of the AFM scanning procedure. When considering this 
number it is important to remember the modeling limita-
tions in its derivation, specifically, that an isotropic model 
was used to extract an anisotropic property. Nevertheless, 
this technique can provide insight into the distribution of 
transverse mechanical properties of CNCs. 
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