
CIGR XVIIth World Congress – Québec City, Canada – June 13-17, 2010 1 

 

XVIIth World Congress of the International Commission  
of Agricultural and Biosystems Engineering (CIGR) 

Hosted by the Canadian Society for Bioengineering (CSBE/SCGAB) 
Québec City, Canada   June 13-17, 2010  

ORANGE FRUIT RHEOMETRICAL CHARACTERIZATION USING STRESS-
RELAXATION TESTS 

 
F. PALLOTTINO1*, M. MORESI2, S. GIORGI1, P. MENESATTI

 
1 

1 CRA-ING – Agricultural Research Council, Agricultural Engineering Research Unit,  Lab. for Advanced 
Engineering Applications in Agriculture (AgriTechLab) – Monterotondo (Roma) – Italy - 
federicopallottino@gmail.com 
2

 
 Dept. AgroFood Science and Technology – University of Tuscia – Viterbo – Italy. 

CSBE101069 – Presented at Section VI: Postharvest Technology, Food and Process 
Engineering Conference 
 
ABSTRACT In this work the rheometrical behaviour of Tarocco-variety orange fruit was 
assessed under stress-relaxation testing. By analyzing the stress-relaxation data collected, 
at times 10 times greater than the loading period, the time course of the experimental 
dimensionless relaxation modulus (G*) was typical of a viscoelastic solid and was 
reconstructed by considering two Maxwell elements in parallel to an elastic spring 
element. As the engineering deformation (εE) or cross-head speed (Vt) was increased from 
5 to 12% or from 5 to 15 mm s-1, respectively, the dimensionless viscoelastic constants 
(Ai) were found to be approximately constant. Moreover, the elastic component 
responsible for the equilibrium residual stress represented about 60% of the initial 
relaxation modulus, this confirming that any orange fruit under study behaved as a linear 
viscoelastic solid, characterised by a unique relaxation time spectrum, for the time-scale 
and deformation range examined. 
 
Keywords: Maxwell model, orange fruit, relaxation modulus, stress-relaxation testing, 
viscoelastic constants. 
 
INTRODUCTION New markets such as Japan, North America and Australia present an 
increasing demand of pigmented oranges for their superior nutraceutical qualities, despite 
their softness if compared to the blonde ones (Menesatti et al., 2009). To supply the 
market with citrus fruit products of high qualitative standards is nowadays a crucial 
aspect that must be considered in order to overcome the international competition. 
Superior rheometrical properties do enhance visible freshness and thus consumer’s 
acceptance. Moreover a loss of firmness, or low fruit resistance to squeezing, generally 
results in persistent deformations, especially after long-term shipping, thus frequently 
causing the rejection of the entire fruit stock (Menesatti et al., 2009; Rivero et al., 1979). 
In fact, exported stocks are normally checked for the presence of defects, appearance and 
fruit firmness (USDA, 2003). Presently, fruit firmness evaluation is manually carried out 
via the so called Magness-Taylor test (MT) (Shmulevich et al., 2003), that makes use of a 
hand-held penetrometer, also known as fruit pressure tester, to measure the peak force at 
rupture. Such a force has been used as an index of maturity and firmness for several 
different crops, especially apples (De Long et al., 2000), where a loss of fruit firmness 
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can be time-monitored by measuring the force required to puncture the fruit surface. In 
citrus fruits the relationship between puncture force and firmness is however concealed 
by the differences in the tissue types directly under the puncture probe. Nowadays, just 
two non-destructive on-line high-speed systems, such as the Intelligent Firmness 
Detector (iFD, Greefa, Trich, NL) and the Sinclair Internal Quality-Firmness Tester 
(SIQFT, Sinclair Systems International, Fresno, CA, USA), have been developed and 
commercialised. These sorting systems test the individual fruit firmness by resorting to 
the free fall of each fruit over a piezoelectric sensor or by injecting compressed air on it, 
respectively. The aim of this study was to resort to stress-relaxation tests to assess the 
range of linear viscoelastic engineering strains applicable to measure on-line citrus fruit 
firmness without any irreversible structural changes resulting from orange fruit cell rind 
rupture and/or albedo air release. 

MATERIALS AND METHODS 

Raw Materials Orange fruit of the same Tarocco variety were acquired in a local market 
and those with about a spherical shape were selected.  

Equipment and Operating Procedure The mechanical tests were performed using a 
column table-top digital dynamometer, Zwick 1.0 Universal Testing Machine 
(Zwick/Roell Testing System, Kennesaw, GA, USA) having the following 
characteristics: deformation resolution of 0.2265 µm; position repetition accuracy of ±2 
µm; speed range of 0.1-30 mm s-1; speed accuracy of 2.08x10-4 mm s-1; force range of 
0.2-1000 n; force accuracy of 2 N. The software (testXpert®) was used to acquire whole 
force-deformation curves. By using two different constant cross-head speeds (Vt) of 5 and 
15 mm s-1, several orange fruits were submitted to stress-relaxation tests by setting the 
initial engineering strain (εE0) to 5, 10 and 12%. Any of these tests was replicated five 
times. Mean values of test results are given together with their corresponding standard 
deviations. 
Data Analysis The instantaneous values of compression force applied F(t) and sample 
height H(t) may be converted into engineering stress (σE) and engineering (εE) strain 
according to the following definitions:  

 σE =F(t)/A; εE = [H0 – H(t)]/H0 ( 1) 

where H0 and H(t) are the initial and instantaneous heights of each orange fruit tested,  
and A is the current cross-sectional area, this being previously assessed by Pallottino et al. 
(2009). During all stress-relaxation tests the instantaneous engineering stress (σE) is 
generally a function of time (t) and initial strain applied (εE) and can be converted into the 
relaxation modulus G(t,εE) defined by: 

 G(t,εE) = σE(t,εE)/εE ( 2) 

This material function is defined similarly to the shear modulus G of an elastic solid and 
as for G it ceases to be a function of strain for small values of εE. By referring the 
instantaneous relaxation modulus to the initial one, it is possible to estimate the 
dimensionless relaxation modulus, G*(t,εE), which is equal to the ratio between the actual 
F(t) and initial F(0) reactions, provided that, the cross-sectional area (A) of the sample 
corresponding to the imposed strain (εE) is constant and independent of time: 
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The time course of the dimensionless relaxation modulus was associated to the response 
of a generalized Maxwell body (a spring in parallel to n Maxwell elements) (Rao, 1992b): 

 G*(t, εE) = A0 + )τt(A i

n

i −∑ exp
1

 ( 4) 

with   

 A0  = 1 - ∑
n

iA
1

   [to fulfill the initial condition: G*(0,εE)=1] ( 5) 

 Ei = Ai G(0,εE)            for i=0, 1, ..., n          ( 6) 

     µi = Ei τi             for i=1, 2, ..., n          ( 7) 

where Ai represents the generic dimensionless viscoelastic coefficient; G(0,εE) the initial 
dimensionless relaxation modulus and E0 the modulus of elasticity of the spring; while Ei, 
µi and τi refer to the i-th Maxwell element and are the modulus of elasticity of the spring, 
the effective viscosity of the dashpot and the relaxation time, respectively. 
By applying a non-linear regression method, it is impossible to fit all the experimental 
G*-t data by the same relaxation time spectrum. This was also observed by other authors 
(Bertola et al., 1991; Masi, 1989). Therefore, the time course of the experimentally 
observed dimensionless relaxation modulus may be reconstructed by assigning initially 
an arbitrary spectrum of relaxation times, as suggested by Nussinovitch et al. (1989): 

 τi =a x10n-2-i min for i=0, 1, ..., n ( 8) 

where a is an integer index ranging from 1 to 9. 
By discarding all the Maxwell elements whose contribution to the reconstruction of G*-t 
relationship was statistically insignificant at the confidence level of 95%, it is possible to 
determine the optimal a value by maximizing the coefficient of determinations (r2) of the 
following linearized form of eq. (4): 

 Y = 1 - G*(t, εE) = ) - e(A i

I
τtn

i
−∑ 1

1
 ( 9) 

where nI is the overall number of statistically significant Maxwell elements (Mancini et 
al., 1999ab). 

RESULTS To assess the range of validity of linear viscoelasticity, citrus fruits with 
average diameter of 69±3 mm were loaded at constant deformation rates of 5 or 15 mm s-

1 to generate engineering strains in the range of 5-12%. The cross-head was stopped and 
the stress relaxation was monitored for as long as 300 s, this being much longer than the 
time required (0.2-1.6 s) to deform the samples. During all tests the dimensionless 
relaxation modulus G*(t,εE) exhibited an asymptotically decaying trend with a residual 
value different from zero whatever the engineering strain and deformation rate tested 
(Fig. 1). 

By applying the operating procedure previously described, there was no statistically 
significant improvement in fitting the time course of any experimental dimensionless 
relaxation modulus by considering more than two Maxwell elements in parallel to an 
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elastic spring element, these being characterized by the following relaxation times: 

 τ1 = 5.1 s ; τ2 = 51.3  s.  
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Figure 1. Dimensionless relaxation modulus G*(t,εE) versus time (t) referred to citrus 
fruits with submitted to different engineering strains (εE: a, 5%; b, 12%) using a 
crosshead speed of 15 mm s-1. Eq. (4) with the parameters Ai and τi

Table 1. Dimensionless viscoelastic coefficients (Ai) of the generalised Maxwell model 
used to describe the main results of the 300-s stress relaxation tests performed on orange 
fruit specimens with average diameter (D0) under different strains (εE) and cross-head 
speeds (VT). 

 reported in the text 
was used to plot the calculated G* data (). 

εE VT D0 A0 A1 A2 
(%) (mm s-1) (mm) (-) (-) (-) 
12 15 69±5 0.59±0.03 0.19±0.01 0.22±0.03 
12 5 69±2 0.60±0.04 0.20±0.02 0.20±0.06 
10 15 68±1 0.59±0.05 0.18±0.02 0.23±0.07 
10 5 69±3 0.61±0.03 0.20±0.01 0.18±0.04 
5 15 70±3 0.54±0.03 0.22±0.01 0.24±0.04 
5 5 70±2 0.57±0.01 0.22±0.02 0.21±0.02 

 

It is worth of noting that the smallest relaxation time (τ1) was about 3 to 25 times the 
above loading times and this is approximately in line with the general rule that the 
relaxation curves are valid only for t greater than five to ten times the loading period 
(Rao, 1992a). 

Table 1 shows the dimensionless coefficients (Ai) of a 5-element Maxwell body, which 
were estimated via the least-squares method. 

As εE or VT was increased from 5 to 12% or from 5 to 15 mm s-1, respectively, these 
viscoelastic constants (Ai) appeared to be approximately constant, as shown in Fig. 2: 

 A0 = 0.59 ± 0.04;    A1 = 0.20 ± 0.02;   A2 = 0.21 ±0.05 
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Figure 2. Dimensionless viscoelastic coefficients A0

 (, ) and A1 (, ) versus 
applied initial engineering strain (εE) referred to citrus fruits with average diameter of 
69±5 mm submitted to stress relaxation tests using a crosshead speed of 5 (closed 
symbols) or 15 (open symbols) mm s-1

In particular, the elastic component (A0), responsible for the equilibrium residual stress, 
represented about 60% of the initial relaxation modulus G*(0,εE), this confirming that 
any  orange fruit tested behaved as a linear viscoelastic solid, at least on the time-scale 
and deformation range examined. Moreover, the deformation strain up to 12% did not 
affect the relaxation time spectrum of the delayed elastic components. The cross diagonal 
symbols () plotted in Fig. 1 were calculated using eq. (4) and the average values of Ai 
reported above. It can be noted that there a limited range of variation among the 
experimental and calculated G*-vs.-t profiles whatever the engineering strain applied in 
the range of 5-12%. 

. The continuous and broken lines show the mean 
values and standard deviations of ant viscoelastic coefficients. 

CONCLUSION The stress-relaxation tests performed here allowed the orange fruit of 
Tarocco variety to be described as linear viscoelastic solids for εE ranging from 5 to 12% 
of their initial height. In this linear viscoelasticity range, once the orange fruit structure 
had been quickly compressed and decompressed, it exhibited practically negligible 
permanent deformation, thus giving explanation for the operating procedure of the non-
destructive on-line high-speed systems, currently available on the market to sort orange 
fruits on the basis of their individual firmness. Besides individuating the fruits linear 
viscoelastic range, the present study represents an important aid tool for the geneticists 
breeding pigmented orange to improve firmness keeping intact their nutraceutical 
attributes. Moreover the developed models individuated factors that could be used by 
online sorting system to divide the stock following precise market requirements.   Further 
tests will be performed to substantiate such preliminary findings. 
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