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INTRODUCTION

In-depth knowledge on mechanical behaviour of 
bulk oilseeds is an important step for optimization 
of equipment design, handling, and oil extraction 
technology (K a r a j ,  M ü l l e r , 2010). In the lit-
erature, mechanical behaviour  parameters such as 
force, deformation, hardness, and energy as well as 
deformation characteristics of bulk oilseeds of jatro-
pha (S i r i s o m b o o n  et al., 2007; K a b u t e y  et al., 
2012a, b; K a r a j  et al., 2008; K a r a j ,  M ü l l e r , 
2010), sunflower (G u p t a ,  D a s , 2000), rape (I z l i 
et al., 2009), soybean (K i b a r ,  O z t u r k , 2008), 
pea (G r z e g o r z , 2007), palm kernels (Kabutey et 
al., 2012c) and others have been primarily focused on 
experimental determination instead of mathematical or 
simulation models description. Based on this limited 
information, H e r á k  et al. (2010) first reported the tan-
gent curve mathematical model applying MathCAD 14  

software which uses the Levenberg-Marquardt algo-
rithm for data fitting optimal for tangent curve approxi-
mation. The model has been experimentally verified 
with bulk oilseeds such as jatropha, sunflower, rape, 
garden pea, and common bean (H e r á k  et al., 2011a, 
b) to illustrate the mechanical behaviour and deforma-
tion characteristics. In fact, the tangent curve model 
considers the bulk oilseeds of a particular oilseed crop 
as a unit where they are inhibited by the stress inside 
the pressing vessel, seed moisture content, porosity, 
as well as the friction between the seeds and the press-
ing vessel walls which thus influence the mechanical 
behaviour and deformation characteristics of bulk 
oilseeds during compression process (H e r á k  et al., 
2010; K a b u t e y  et al., 2011). From technological 
point of view, where screw presses are used for oil 
extraction, the bulk oilseeds are considered more eco-
nomical in terms of oil recovery efficiency, minimum 
energy requirement, and quality of oil (B e e r e n s , 
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2007; K a b u t e y  et al., 2010; K a r a j ,  M ü l l e r , 
2009). Practically, the knowledge of the mechani-
cal behaviour of bulk oilseeds in linear compression 
based on mathematical models such as tangent curve 
function provides vital information for identification 
of oil point of bulk oilseeds in axial pressing and 
optimization of oil recovery efficiency with mini-
mum energy requirement in non-linear compression 
involving screw presses (H e r á k  et al., 2010; 2013a, 
b; K a b u t e y  et al., 2013). 

The primary objective of the present review study 
was to appraise the reliability of the tangent curve 
mathematical model and the need for its transforma-
tion and development of a more rigorous model for 
description of mechanical behaviour of bulk oilseeds 
in linear compression. 

Linear compression test

For the study of mechanical behaviour and defor-
mation characteristics of bulk oilseeds of jatropha 
(Jatropha curcas L.), sunflower (Heliantus annus L.), 
rape (Brassica napus L.), garden pea (Pisum sativum 
L.), and common bean (Phaseolus vulgaris L.) in linear 
compression test (Fig. 1), a single pressing vessel (di-
ameter 76 mm) (H e r á k  et al., 2010, 2011a, b, 2012a, 
b; K a b u t e y  et al., 2011; 2012a, b, c; 2014) and 
varying vessel diameters ranging between 40 and 100 
mm (D i v i š o v á  et al., 2014; H e r á k  et al., 2013a; 
K a b u t e y  et al., 2013) have been used. Individual 
deformation characteristics of bulk oilseeds of various 
pressing height (20, 30, 40, 50, 60, 70, and 80 mm) 
were examined  using the compression device ZDM 
50-2313/56/18 with a chart recorder (VEB, Dresden, 
Germany) of maximum force 100 kN and speed 1 
mm∙s–1. Based on the compression device used, it was 

indicated clearly that the experimental dependency 
between the force and deformation characteristics 
curve required further analysis using the software 
programme Engauge Digitizer (Version 4.1, 2002) for 
the determination of the  exact compressive force in 
relation to its corresponding deformation. It is important 
to note here that the area under the force and defor-
mation curve dependency represents the deformation 
energy  being the energy needed for the deformation 
of the measured bulk oilseed (G r z e g o r z , 2007; 
H e r á k  et al., 2010) which can be mathematically 
determined using the equation proposed by H e r á k 
et al. (2011a, b).

RESULTS AND DISCUSSION

Tangent curve function: a mathematical model

Experimentally, the linear dependency between the 
force and deformation characteristic curve is shown 
in Fig. 2 (H e r á k  et al., 2011a, b; 2013a; K a b u t e y 
et al., 2013). This experimental relationship can be 
described by the function (Eq. 1) (H e r á k  et al., 2011a)

						      (1)
where:
F = force (N)
x = deformation of bulk oilseed (mm) 

)(xf  = dependency between force and deformation 
(Nmm).

The tangent curve function (Eq. 1) was later modi-
fied (Eq. 2) (H e r á k  et al., 2011b) as:

						      (2)
where:
A = force coefficient of mechanical behaviour (N)
B = deformation coefficient of mechanical behaviour 
(mm–1)
n = exponent of fitted function (-)

Based on Eq. 2, the strain energy and modulus of 
elasticity in compression can be determined (H e r á k 
et al., 2011b). Basically, the MathCAD 14 software 
with Levenberg-Marquardt algorithm for data fitting 
optimal for tangent curve approximation provides a very 
simple mathematical algorithm for the tangent curve 
mathematical model development. This means that the 
software does not require an advanced computer for 
data processing unlike simulation programmes such 
as finite element method (P e t r ů  et al., 2012). Most 
importantly, the tangent curve mathematical model 
agrees with the experimental boundary conditions. 
These boundary conditions include the following; 
when the compressive force increases to infinity the 
deformation reaches the maximum limit, zero compres-
sive force means zero deformation, and the integral 
of the tangent curve function is the energy (H e r á k 

)()( xfxF =

[ ]nxBAxF )tan()( ⋅⋅=

 
Fig. 1. Scheme of pressing vessel diameter showing the influence of 
pressing force on measured bulk oilseed pressing seed height (H e r a k 
et al., 2012a)
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et al., 2010).  From Eq. 2, the deformation (mm) can 
also be described mathematically as shown in Eq. 3 
(H e r á k  et al., 2012a) as: 

						      (3)

Theoretically, when the force is approaching infin-
ity (Eq. 3), then the limit deformation, δ (mm) (Eq. 4) 
which is dependent on the bulk oilseed height H (mm), 
can be expressed by the deformation coefficient of 
mechanical behaviour (H e r á k  et al., 2012a, 2013a): 

			   (4)

The relationship between compression coefficient 
G (N) and deformation coefficient of mechanical be-
haviour B (mm–1) can be expressed (Eq. 5) according 
to H e r á k  et al. 2011a, 2013a as:

    						      (5)
The authors explained that by substituting B from 

Eq. 5 into Eq. 4, the limit deformation in Eq. 6 could 
also be expressed as the relationship between the com-
pression coefficient and initial bulk oilseed height as:

						      (6)

where H is the bulk oilseed height (mm) which 
affects the deformation coefficient of mechanical be-
haviour, B (mm–1) (H e r á k  et al., 2011b, 2013a).  The 
authors again in their studies indicated that using the 
above mentioned function Eq. 2, an ideal method for 

regression using the Levenberg-Marquardt algorithm 
(M a r q u a r d t , 1963) providing numerical solutions 
to the problem of minimizing deviations in non-linear 
functions in relation to function parameters can also 
be attained. Furthermore, the Levenberg-Marquardt 
algorithm for the determination of the tangent curve 
function coefficients for fitting linear experimental 
data with respect to dependency between force and 
deformation characteristic curves was briefly described 
by the authors (H e r á k  et al., 2011b, 2013a). Most 
importantly, the Levenberg-Marquardt algorithm is 
processed in MathCAD software 14 (PTC Software, 
Needham, USA) (P r i t c h a r d , 1998) which oper-
ates with ’genfit’ function thus it collaborates with 
Levenberg-Marquardt algorithm for the development 
of the tangent curve mathematical model. The tangent 
curve model as described in Eq. 2 indicates that the 
linear experimental data that is the dependency between 
the force and deformation curve, can be fitted based 
on a single vessel diameter and bulk oilseed height. In 
terms of the relationship between force and deformation 
characteristic curves in connection with different vessel 
diameter and bulk oilseed pressing height, the tangent 
curve model (Eq. 2) requires modification. This study 
was subsequently carried-out by the authors Herák 
et al. (2013a) and Kabutey et al. (2013) on Jatropha 
curcas L. bulk oilseeds. Based on the experimental 
results obtained, the tangent curve equation (Eq. 2) 
was mathematically transformed (Eq. 7) as: 

						      (7)
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Fig. 2. Experimental data fitted by the 
tangent curve model (H e r á k  et al., 
2011a, b) 
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where:
C = stress coefficient of mechanical behaviour (N∙mm–2)
D = vessel diameter (mm)
G = compression coefficient (-)
H = bulk oilseed pressing height (mm)

Using Eq. 7, the dependency between force and 
deformation characteristic curves in relation to vary-
ing vessel diameter and bulk oilseed height can be 
described theoretically. 

Tangent curve model coefficients and energy 
determination

In both practical and theoretical sense, it is nec-
essary to understand the coefficients of the tangent 
curve model (Eqs 2 and 7). A detailed explanation was 
published by H e r á k  et al. (2011a, b, 2013a). Briefly, 
the determined tangent curve model coefficients are 
valid for specific force between 0 and 100 kN as well 
as from zero deformation to maximum deformation 
which can be obtained from the force and deformation 
characteristic curve dependency. As mentioned earlier, 
integration of the tangent curve models (Eqs 2 and 
7) based on zero deformation to maximum deforma-
tion and the fitted curve function (n) value represent 
the energy (J).  In case of jatropha bulk oilseeds, the 
integral form of Eqs 2 and 7, produced the energy (J) 
equations (Eq. 8) and (Eq. 9), respectively:

						      (8)

						      (9)

The variables in both equations have been defined 
in the preceding sections.  Clearly, this theoretical 
energy is similar to the experimental energy (H e r á k 
et al., 2013a; K a b u t e y  et al., 2013).

Experimental and theoretical description of force-
deformation curves  

Fig. 2 shows the experimental dependency of force 
and deformation characteristic curves fitted by the 
tangent curve function (Eq. 2) (H e r á k  et al., 2011a, 
b). The fitted function curve (Eq. 7) was also described 
and reported in the study of H e r á k  et al. (2013a) for 
Jatropha curcas bulk oilseeds. Based on the results of 
the study, the authors indicated that the tangent curve 
model described the experimental data which was 
statistically significant (P > 0.05) with a very high 
coefficient of determination, R2 using the MathCAD 
software.  Obviously, the authors emphasized that the 
validity of the tangent curve models (Eqs 2 and 7) was 
dependent on the force value between 0 and100 kN and 

also from zero to maximum deformation of particular 
bulk oilseed pressing height. The explanation is that 
the force coefficient of mechanical behaviour, A (N) 
influences the slope of the deformation curves while 
the deformation coefficient of mechanical behaviour, 
B (mm) affects the extent of deformation, which is the 
ratio of the force coefficient of mechanical behaviour 
to that of deformation coefficient of mechanical behav-
iour, and practically, this is the initial rigidity of the 
compression system. Another variable consideration 
is the exponent function, n (-) which determines the 
best-fit value of the tangential function for the descrip-
tion of the force and deformation dependency. In the 
literature (H e r á k  et al., 2011a, b; 2012a, b), differ-
ent best-fit values have been identified for jatropha, 
sunflower, rape, garden pea, and common bean bulk 
oilseeds. These specific values could also vary with 
variety and maturity stage and moisture content of 
bulk oilseeds (K a b u t e y  et al., 2011). 

Tangent curve model transformation and the 
development of additional models

In linear compression test of bulk oilseeds, it is 
relevant to note that both the physical properties of 
the bulk oilseeds such as moisture content, porosity, 
variety, and maturity stage could influence the me-
chanical behaviour and deformation characteristics 
of the bulk oilseeds (H e r á k  et al., 2010, 2011a, b, 
2012a, b; K a b u t e y  et al., 2011; 2012a, b, c; 2014).

The study conducted by K a b u t e y  et al. (2011) 
revealed that an increase in bulk oilseed moisture con-
tent caused a ’serration effect’ on the force-deformation 
curve dependency (H e r á k  et al., 2012a; Kabutey 
et al., 2014) which increased the deformation value 
(G r z e g o r z , 2007). In case of the tangent curve 
mathematical model, the above mentioned compres-
sion factors were constant therefore their varying 
effect could change the coefficients of the tangent 
curve model.  In addition to the tangent curve model, 
a new approach that is the reciprocal slope transfor-
mation (RST) with the Least Squares Method (LSM) 
has been useful for description of force-deformation 
characteristic of jatropha bulk oilseeds in relation to 
varying pressing heights (H e r á k  et al., 2014). This 
suggests that apart from tangent curve function, the 
RST could be applied to explain the mechanical be-
haviour of bulk oilseeds under compression loading. 
However, a more rigorous method is required in terms 
of simulation models such as  a finite element method 
(FEM) which has been already utilized to describe the 
mechanical behaviour of a single oilseed of jatropha  
(P e t r ů  et al., 2012) instead of bulk oilseeds which 
economically meets industrial processing technology. 
Based on the evaluation results it is theoretically 
important to build on the tangent curve and the RST 
mathematical models by using other numerical meth-

xA tan B x⋅( )( )2⋅
⌠
⌡

d
A tan B x⋅( ) B x⋅−( )⋅

B
→

xC D2⋅ tan G
x
H

⋅











2
⋅

⌠



⌡

d
C D2⋅ H⋅ tan

G x⋅
H







G x⋅
H

−





⋅

G
→



Scientia agriculturae bohemica, 45, 2014 (4): 259–264	 263

ods for description of mechanical and deformation 
characteristics of bulk oilseeds. 

CONCLUSION

Based on the review study, the tangent curve math-
ematical model has been developed using MathCAD 14 
software which uses Levenberg-Marquardt algorithm 
for data fitting optimal for tangent curve approxima-
tion. It was observed that the tangent curve model has 
been theoretically applied not only on bulk oilseeds 
such as jatropha, sunflower, rape, garden pea, and 
common bean, but also the description of industrial 
materials including wood chips and waste paper chips. 
The exponent function (n) of the tangent curve model 
substantially influences the dependency of the force-
deformation curve and also the theoretical deformation 
energy. The integral of the tangent curve model is 
energy and this energy model could vary among dif-
ferent bulk oilseeds. A varying effect of compression 
factors such as seed moisture content could change 
the tangent curve coefficients.  Presently, the tangent 
curve mathematical model together with Reciprocal 
Slope Transformation (RST) could be used for the 
description of mechanical behaviour of bulk oilseeds 
under compression loading. Numerical methods such 
as Finite Element Method (FEM) for description of 
mechanical and deformation characteristics of bulk 
oilseeds are very necessary. However, it is relevant to 
combine the presently developed models and future 
models with the theoretical models such as Darcy, 
Terzaghi and Hagen Poiseulle (Mrema and McNulty, 
1985) to find the relationship between the different 
coefficients to efficiently describe the oil point and 
oil flow rate in linear compression environment and 
thereafter the transformation of the results into the 
non-linear environment involving mechanical screw 
presses to minimize energy requirement but maximize 
oil recovery efficiency.  
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