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Mechanical behaviour of hazelnuts
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Abstract: Nuts of four hazelnut varieties and five new selections used for table consumption were compressed at
the moisture content of 6% wet basis to measure shell resistance to breakage. Rupture force, rupture energy and
nut specific deformation were measured under three compression loading positions. Physical parameters of nuts
were also evaluated to relate them to the data obtained by compression test measurements. Rupture force and
nut specific deformation are the most discriminant parameters that can be used to describe the behaviour under
compression, while rupture energy values show fewer differences among the considered varieties. The values of
force required to break nut shell ranged from 322.2 to 769.3 N. The lowest values of force were generally obtained
along the y-axis, the transverse axis containing the major dimension at right angles to the longitudinal axis. Nut
specific deformation ranged from 3.35 to 11.76%. Correlations between physical and texture parameters showed
that values of force, energy and deformation were dependent on different parameters that varied in the three
considered axis. The most used varieties, Ennis and Barcelona, showed high mean values of force rupture to break
shell and low deformability, while Tonda Giffoni and Tonda Bianca were easy to break. Among the new selections,
L35 and B6, with mean values of force rupture less than 428 N and values of nut specific deformation higher than
8%, were suitable for table consumption.
 2006 Society of Chemical Industry
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INTRODUCTION
According to the Food and Agriculture Organization
(FAO), the world’s hazelnut or filbert (Corylus
avellana L.) production is about 759 000 Mt a
year (average 2000–2004).1 Most hazelnuts are
processed industrially, but 5% of the production
is dedicated to direct table consumption (‘in-shell’
nuts).1 Concerning this last market, the biggest
producer is the USA (approximately 10 000 t),
followed by Italy, France and Turkey.2

Nutritional benefits of hazelnut consumption have
been reported by some authors. Raw hazelnut kernel
is a rich source of oil and vitamins.3 The oil represents
60–70% of the dry weight of the kernel with oleic being
the main fatty acid followed by linoleic and palmitic;
they represent together over 95% of total fatty acids
in hazelnut.4 Consumption of this nut appears to
decrease the risk of heart disease, certain cancers and
other chronic diseases.5

USA researchers have selected new varieties
especially for direct consumption (Ennis,6 Royal,
Jumbo), while the European varieties are both used for
processing and the fresh market. New selections for
direct table consumption were obtained by breeding

from the Department of Arboriculture and Pomology
of Turin University, Italy.7 A sensory analysis of these
Italian selections showed that taster preference was
for large nuts, with good shell appearance and high
organoleptic quality of the kernel.8 Also, easy shell
breaking seems to be an important parameter for
nuts and deserves to be investigated. In preliminary
studies we have evaluated the mechanical behaviour of
diverse varieties dedicated to processing9 and to table
consumption.10

Numerous works have been dedicated to texture
parameters regarding different varieties of nuts. Braga
et al. studied the mechanical behaviour of macadamia
nut under compression as a function of moisture
content, nut size and compression load position.11

More recently, Koyuncu et al. investigated the effect of
some physical parameters, such as shell thickness and
geometric mean diameter, on breakage characteristics
of walnut.12 Concerning hazelnut, Aydin evaluated
some physical properties of nuts, including rupture
strength,13 and Güner et al. analysed four Turkish
varieties of hazelnut dedicated to processing, under
compression loading, and evaluated the effects of shell
moisture and compression axis.14
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The objective of this work was to define the
effects of hazelnut variety and compression loading
position on the rupture force, rupture energy and
nut specific deformation of some hazelnut varieties
used for table consumption and five new Italian
selections. In addition, relationships between texture
parameters and physical properties of the nuts at
different compression loading positions were analysed.

MATERIALS AND METHODS
Nut samples
Barcelona (BA), Ennis (EN), Tonda Bianca (TB)
and Tonda Giffoni (TG) varieties and B6, B59, C10,
L35 and L39 selections7 of hazelnut used for table
consumption were used for this study.

Nuts of three plants for each variety were
individually collected in September 2002 in an
experimental orchard with a completely randomized
design located in Cravanzana at 550 m above sea
level (Cuneo district, Northwest Italy). The nuts were
manually harvested directly from the ground when the
natural drop reached 80–90%.

Samples of 2 kg for each variety were sun-dried
until they reached a moisture content of 6% wet
basis (wb). In-shell moisture contents of 6–8% are
considered optimum for nut storage and commerce.15

The moisture content was determined according to
the AOAC 925.40 method.16

Before texture analysis, nuts were visually inspected
and those with damaged shells were discarded. For
each variety, 90 nuts (30 nuts for each plant) were
randomly selected and analysed (10 fruits for each nut
dimension).

Physical properties of the nut
Nut weight was determined on each single nut. The
three nut and kernel dimensions length (L), width
(W ) and thickness (T) were measured using a calliper
which had an accuracy of 0.1 mm. The ratios of the
nut dimensions were also calculated as T/L, W /L and
T/W . Shell thickness (Ts) of each nut was measured

Figure 1. Representation of the three axes and three perpendicular
dimensions of nuts: x-axis, the longitudinal axis through the hilum
(length, L); y-axis, the transverse axis at right angles to the
longitudinal axis containing the major dimension (width, W); z-axis,
the transverse axis containing the minimum dimension (thickness, T);
Fx, Fy and Fz: axial forces (from Güner et al.14). T
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Mechanical behaviour of hazelnuts

in two different positions of the shell using the same
calliper. The volume of the nut (Vn) and kernel (Vk)
were calculated using an ellipsoid formula:

V =
(

4
3

)
π

(
L
2

) (
W
2

)(
T
2

)

The ‘empty volume’ (�V ) was calculated as the
percentage of the nut volume (Vn) without the kernel
volume (Vk):

�V =
[
1 −

(
Vk

Vn

)]
100

The shape index of nut (SIn)17 and kernel (SIk), the
geometric mean diameter (Dp) and the sphericity (φ)18

of the nut were calculated using the following formula:

SI = (W + T)

2L
Dp = (L W T)1/3

φ =
[
(L W T)1/3

L

]
100

Compression measurements
A Universal Testing Machine TA.HD Texture
Analyser (Stable Micro System, Godalming, Surrey,
UK) was used to measure shell resistance to breakage.
The test of compression was performed with a 100 kg
loadcell using a P/75 flat circular plate of aluminium
(75 mm of diameter) at 1 mm s−1 constant speed. The
nut was placed on a HDP/90 perforated platform. The
accuracy of the instrument was 0.0196 N for force
and 1 µm for probe distance. The force–deformation
curve was acquired as a graph and elaborated by
a Texture Expert software. Three replicates of 10
nuts for each variety were compressed along the three
compression axes: x-axis (length), y-axis (width) and
z-axis (thickness) according to Güner et al.14 (Fig. 1).

The breakage characteristics of hazelnut were
expressed according to Braga et al.,11 as maximum
force required to obtain shell rupture (N), energy
required to deform the nut shell to rupture (J), and
nut specific deformation (%).19

Statistical analysis
Data for morphological and compression measure-
ments were analysed using Statistica software.20

ANOVA and Tukey’s mean comparison test were
used. Pearson product–moment correlation coeffi-
cients were calculated for morphological and com-
pression parameters.

RESULTS AND DISCUSSION
Physical properties of nuts
Tables 1 and 2 show the mean values and standard
deviation of nut and kernel measurements. Kernel
dimensions data were used to calculate the vol-
ume of the kernel and they are not reported in
tables.

Nut weight varied from 4.10 g for C10 to 2.86 g
for Tonda Giffoni. The volume of the nut had a
maximum value of L35 (6.84 cm3) and a minimum
for Tonda Giffoni (3.54 cm3), while the volume of
kernels varies from 2.03 cm3 for Ennis to 1.55 cm3

for Tonda Giffoni. The percentage of ‘empty
volume’ ranged from 70.38% for L35 to 56.15%
for Tonda Giffoni. Considering the shape index of
the kernel, Tonda Giffoni had the most rounded
kernel (1.01) and Ennis the most elongated one
(0.66).

Tonda Giffoni showed the lowest values for the
three nut dimensions, while C10 had the highest
value for nut length (25.89 mm) and L35 for
nut width (24.73 mm) and thickness (22.27 mm).
Considering the proportions of nut dimensions, T/L
varied from 0.94 of L35 to 0.78 for C10, T/W
varied from 0.93 for Ennis to 0.84 for B59 and
Tonda Giffoni, and W /L from 1.08 for B59 to
0.85 for Ennis. Barcelona had the thickest shell
(1.62 mm) while the lowest value was that of B6
(1.07 mm).

The shape index of the nut had the highest values
(0.99) for L35 and B59 and the lowest value for Ennis
(0.82). Nut sphericity ranged from 99.37 for L35 to
87.46 for Ennis. These two parameters showed similar
information, as demonstrated by statistical analysis.
L35 showed the maximum value of geometric mean
diameter (23.54 mm).

Table 2. Physical measurements of nuts

Cultivar and
selection T/L T/W W/L SIn φ Dp (mm) Ts (mm)

B59 0.90 ± 0.03ab 0.84 ± 0.02e 1.08 ± 0.04a 0.99 ± 0.03a 99.24 ± 2.34a 21.56 ± 0.57c 1.26 ± 0.17c

B6 0.91 ± 0.04ab 0.92 ± 0.03ab 0.99 ± 0.05c 0.95 ± 0.04b 96.70 ± 2.80b 22.81 ± 0.82b 1.07 ± 0.11d

BA 0.87 ± 0.04bc 0.86 ± 0.03de 1.02 ± 0.05bc 0.95 ± 0.04b 96.19 ± 2.83b 19.86 ± 0.40d 1.62 ± 0.24a

C10 0.78 ± 0.03e 0.88 ± 0.03cd 0.88 ± 0.04e 0.83 ± 0.03d 88.08 ± 2.36d 22.79 ± 0.77b 1.3 ± 0.16bc

EN 0.79 ± 0.03e 0.93 ± 0.03a 0.85 ± 0.03e 0.82 ± 0.03d 87.46 ± 2.10d 22.60 ± 0.65b 1.22 ± 0.12cd

L35 0.94 ± 0.04a 0.90 ± 0.04abc 1.04 ± 0.04ab 0.99 ± 0.04a 99.37 ± 2.54a 23.54 ± 0.65a 1.19 ± 0.15cd

L39 0.84 ± 0.04cd 0.89 ± 0.03bc 0.94 ± 0.03d 0.89 ± 0.04c 92.24 ± 2.68c 21.93 ± 0.59c 1.09 ± 0.18d

TB 0.80 ± 0.06de 0.85 ± 0.06de 0.94 ± 0.05d 0.87 ± 0.05c 91.03 ± 3.21c 21.38 ± 0.58c 1.43 ± 0.15b

TG 0.89 ± 0.05b 0.84 ± 0.04e 1.05 ± 0.05ab 0.97 ± 0.05ab 97.68 ± 3.18ab 18.90 ± 0.45e 1.26 ± 0.18c

Average ± standard deviation. Values in the same column not followed by the same letter are significantly different (P ≤ 0.01). BA = Barcelona;
EN = Ennis; TB = Tonda Bianca; TG = Tonda Giffoni.
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Figure 2. Values of force required to break shell. Average of the three
axes ± standard deviation. Values not followed by the same letter are
significantly different (P ≤ 0.01). BA = Barcelona; EN = Ennis;
TB = Tonda Bianca; TG = Tonda Giffoni.

Compression test values
The mean values of force rupture needed to break the
shell of nine hazelnut cultivars are shown in Fig. 2.
Ennis, C10 and Barcelona had values of force higher
than 550 N and they were significantly different from
B6, L35, Tonda Bianca and Tonda Giffoni, which
had values less than 450 N.

Considering values obtained along each single axis,
all varieties showed significant differences in force
values except for Barcelona (Table 3). The lowest
values of force required for shell rupture were those
obtained along the y-axis for all the varieties except for
L35. In contrast, Aydin13 obtained the least values of
force along the x-axis.

Values of force rupture to break the shell obtained
for hazelnut varieties used for table consumption were
higher than those reported by Güner et al.14 in Turkish
varieties used for processing. Actually, nuts analysed
with the same moisture content (6% wb) and along
the same axis (z) showed values ranging from 406.2
to 749.2 N for table consumption nuts, while Güner
et al.14 reported values from 148.7 to 247.7 N.

The force required to rupture the shell along the x-
axis was positively related to nut length (Table 4) and
negatively correlated with T/L and W /L ratio and
the shape index of the nut and kernel. The highest
value of force (769.3 N; Table 3) was found for
Ennis, which had the most elongated nut and kernel
(Tables 1 and 2). On the y-axis, values of force were
positively correlated to shell thickness and nut weight.
The lowest value of force was found for B6 (322.2
N; Table 3), which had the thinnest shell (Table 2).
Instead, for walnut, Koyuncu et al.12 reported that
force increases linearly with shell thickness in all the
compression positions. Along the z-axis, force was
related to the same parameters found for the x-axis,
except for the shape index of the kernel. In addition it
was correlated with nut weight and the volume of the
kernel.

The mean value of energy necessary for shell
rupture varied from 0.43 J for B59 and C10 to 0.35 J
for Barcelona. No significant differences were found
among the varieties (Fig. 3).

Considering the three nut dimensions B6,
Barcelona, Ennis, L35 and Tonda Bianca had sig-
nificant differences between values of energy; Ennis T
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Table 4. Correlation coefficients between morphological and compression parameters

Force Energy Nut specific deformation

Axis x (length) y (width) z (thickness) x (length) y (width) z (thickness) x (length) y (width) z thickness)

Nut weight 0.172 0.386∗∗∗ 0.579∗∗∗ −0.141 0.453∗∗∗ 0.308∗∗ −0.429∗∗∗ 0.098 −0.288∗∗
Nut L 0.333∗∗ 0.167 0.445∗∗∗ 0.203 0.298∗∗ 0.077 −0.308∗∗ 0.114 −0.456∗∗∗
Nut W −0.232∗ −0.002 0.050 −0.173 0.424∗∗∗ 0.305∗∗ −0.119 0.261∗ 0.036
Nut T −0.088 −0.03 0.084 0.047 0.325∗∗ 0.140 −0.152 0.209 −0.220∗
SIn −0.526∗∗∗ −0.210 −0.427∗∗∗ −0.349∗∗ −0.072 −0.123 0.228∗ 0.037 0.406∗∗∗
Ts 0.247∗ 0.531∗∗∗ 0.132 −0.078 −0.015 0.193 0.152 −0.388∗∗∗ 0.207
Dp 0.046 0.070 0.240∗ 0.022 0.396∗∗∗ 0.188 −0.233∗ −0.214∗ −0.278∗∗
SIk −0.285∗∗ −0.056 −0.176 −0.284∗∗ −0.022 0.154 0.106 0.085 0.383∗∗∗
Vn 0.042 0.089 0.237∗ 0.003 0.414∗∗∗ 0.204 −0.243∗ −0.217∗ −0.261∗
Vk 0.150 0.220∗ 0.336∗∗ 0.071 0.340∗∗∗ 0.331∗∗ −0.212 0.109 −0.053
�V −0.092 −0.139 −0.041 −0.020 0.150 −0.116 −0.282 0.159 −0.269∗
Nut T/L −0.472∗∗∗ −0.243∗ −0.366∗∗ −0.298∗∗ −0.078 −0.076 0.204 0.049 0.227∗
Nut T/W 0.200 0.043 0.086 0.180 0.014 −0.112 −0.095 0.004 −0.389∗∗∗
Nut W/L −0.533∗∗∗ −0.187 −0.409∗∗∗ −0.360∗∗ −0.080 −0.145 0.235 0.013 0.493∗∗∗

∗ ,∗∗ ,∗∗∗ Significant at P ≤ 0.05, p ≤ 0.01 and p ≤ 0.001, respectively.
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Figure 3. Values of energy required to deform nut shell to rupture.
Average of the three axes ± standard deviation. Data do not show
significant differences. BA = Barcelona; EN = Ennis; TB = Tonda
Bianca; TG = Tonda Giffoni.

and Tonda Bianca had the highest values of energy
along the x-axis (0.54 J) while L35 had the lowest one
(0.26 J; Table 5). Actually, energy measured along the
x-axis was negatively correlated to the shape index
of the nut and kernel, and to T/L and W /L ratios
(Table 4). Along the y-axis, the energy value was posi-
tively correlated to nut weight, nut and kernel volume,
nut dimensions and geometric mean diameter. Except
for C10 and L35, all varieties showed minimum values
of shell rupture energy along the y-axis. Concerning
the z-axis, energy is correlated only to nut weight, nut
width and volume of the kernel.

Values of nut specific deformation showed wide
variation among varieties. The mean value varied from
9.19% for Tonda Bianca to 4.89% for Ennis (Fig. 4).
The least deformable nuts were those of Ennis, which
had values less than 5.00%.

Barcelona and C10 had one dimension more
deformable, respectively along the z- and y-axes
(Table 6), while L35, Tonda Bianca and L39 showed
one dimension that was less deformable (respectively
x-, y- and z-axis). The other varieties did not
show significant differences in values obtained from
measurements carried out on the three different
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Figure 4. Values of nut specific deformation to shell rupture. Average
of the three axes ± standard deviation. Values not followed by the
same letter are significantly different (P ≤ 0.01). BA = Barcelona;
EN = Ennis; TB = Tonda Bianca; TG = Tonda Giffoni.

positions. The highest and the lowest values were
found both in Barcelona (11.76% along the z-axis
and 3.35% along the y-axis) and these results confirm
the large differences in behaviour of the three nut
positions. Deformability is negatively correlated with
nut weight and length, considering the x-axis, and with
shell thickness along the y-axis (Table 4). Barcelona
showed the minimum value of deformability along
the y-axis and the highest value of shell thickness.
Regarding z-axis, deformability was correlated to more
parameters, among which the most important were the
shape of the nut and the kernel, nut length, T/W ratio
and W /L ratio. Values of nut specific deformation
were similar to those found by Güner et al.14 for
Turkish varieties.

CONCLUSIONS
The easy shell breaking could be considered as
an important characteristic for hazelnuts used for
table consumption. Results of the present work
showed a large variability among hazelnut varieties
and selections tested. The compressing loading
position also had an important effect on breakage
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behaviour. Force required to break shell and nut
specific deformation to shell rupture were the texture
parameters that better discriminate varieties. These
two parameters seem to be highly correlated. Values
of texture parameters were highly influenced by the
physical properties of the nuts, among which the
most important were size and shape of the nut and
the thickness of the shell. In conclusion, the most
interesting varieties for easy breakage behaviour were
Tonda Bianca and Tonda Giffoni, and B6 and L35
among the new selections.
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