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1. Introduction

All real bodies can be considered as elastic only at fairly 
small deformations. When a deformation exceeds a certain 
limiting magnitude, which varies for various bodies, the 
properties of bodies are significantly different from the prop-
erties of perfectly elastic bodies [1]. For samples of meat, this 
is traditionally determined organoleptically. After pressing a 
sample of meat, it is possible to visually determine the recov-
ery time from the previous form [2]. 

However, this technique has drawbacks: from subjec-
tive perception of time by the person and required expe-
rience to an unknown sample structure below the surface, 
which is pressed.

In engineering, elastic properties of real bodies, depending 
on their deformation, are commonly studied by the schedule of 
deformation, which reflects a graphical dependence between 
relative deformation and mechanical stress obtained experi-
mentally [1].

After Ukrainian market was introduced with non-expen-
sive digital recording measuring instruments, there appeared 
a possibility to adapt materials research methods to determine 
the food products quality.

Structural-mechanical properties of raw materials de-
fine quality of the culinary products made of poultry, but 
determining them organoleptically is difficult. Mechani-
cal properties of meat depend on the feed, bird’s age and 
gender and are significantly different from one batch to 
another. Therefore, development of a universal technique 
and equipment to study structural-mechanical properties 

of raw meat under conditions of small-scale production is 
a relevant task.

2. Literature review and problem statement

Among fast methods for determining quality of meat 
raw materials, the easiest one traditionally is the use of 
physical methods [1] as there is no need for chemical re-
agents, as well as a relatively higher rate of defining raw 
materials parameters.

Thus, studies have been conducted of the stressed-
strained state of biopolymers in meat that are exposed to 
the processes of elastic, residual and high elastic defor-
mation [3] when modeling the processes of cutting and 
crushing over a wide range of temperatures. Beef was 
subjected to axial deformation for constructing cyclical 
diagrams and defining the limits of strength and elastic-
ity. However, the article lacks data about equipment that 
was used in the research, its mobility and possibility to 
use it in the production and trade.

There are known results of research into rheological 
properties and texture of muscle tissue of roe deer of all 
ages [4]. However, there are no data on changes in the struc-
ture of meat in the storage process.

The influence of storage technology on the quality of 
poultry meat was examined [5]. However, the technology is 
based on the injection of solutions of polysaccharides, which 
is difficult to do under conditions of small-scale production; 
more to the point, the paper did not describe comparison of 
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structural-mechanical properties before and after applying 
the proposed method of storage. 

A lot of research has addressed a problem of establish-
ing the dynamics of structural and mechanical properties 
of meat. In particular, [6] revealed changes in the rheolog-
ical properties of beefsteaks in the course of thermal treat-
ment with different techniques [6]. However, studying the 
structure of meat was conducted only by the penetration 
method, which is not enough for a comprehensive evalua-
tion of rheological properties.

In Ukraine, solving a task of instrumental determination 
of structurally-mechanical properties of fish raw materials 
has been the subject of study by a team of researchers from 
the National University of Food Technologies (NUFT) and 
Kyiv National Trade and Economic University (KNTEU).

In particular, a technique for determining consistency 
by the penetration method was proposed [7]. The proposed 
method makes it possible to rapidly determine the read-
iness of fish preserves, but there is no way to determine 
other structural-mechanical properties. The patent did not 
take into account the peculiarities of motion of indenter in 
the muscles of fish; this issue was considered in subsequent 
articles [8]. This method is fairly simple in execution, and 
using registering equipment allows simultaneous explora-
tion of the processes related to penetration.

It was proposed to use digital measuring equipment to 
examine relaxation properties of products made of fish raw 
materials [9], which allows determining the relaxation rate 
of fish preserves instrumentally and recommending the ap-
propriate type of packaging.

Thus, the penetration method was employed in the 
studies of changes in the structure of poultry meat at 
different temperatures and the effect of protein coag-
ulation on it [10]. An organoleptic method of research 
into structural-mechanical properties cannot be applied 
in this case because of low initial temperatures in the 
experiment – starting at 30 оС. However, a difference in 
the physical properties of poultry was observed at high 
temperatures and large protein denaturation. This is due 
to either low sensitivity of penetrometer or insufficiency 
of data obtained in the process of penetration, or a com-
bination of the two above-mentioned factors. An overview 
of biophysical methods that make it possible to define the 
direction to use meat was carried out [11]. Theoretical 
substantiation of the complex to study meat quality in the 
production process is presented, which includes optical, 
electromagnetic, ultrasonic and mechanical sensors. But 
the proposed equipment is installed in the production line 
and it is difficult to use it for an express-diagnosis of me-
chanical properties of meat.

When examining influence of percentage of meat of me-
chanical deboning on the organoleptic properties of semi-fin-
ished products made of poultry [12], physical methods for 
determining organoleptic properties were applied with the 
analogy established between organoleptic and structural-me-
chanical properties of semi- finished nuggets.

Summing up the aforementioned, we can conclude that 
the use of digital measuring devices with the capacity to 
register data makes it possible to improve existing meth-
ods of determining dynamics in the structural-mechani-
cal properties and to use under conditions of small-scale 
production. Development of equipment that will perform 
a study of meat raw materials with sufficient accuracy, to 
conduct real-time detection of parameters independent of 

each other and to present research outputs with relevant 
recommendations in a short time, is of both practical and 
theoretical significance.

3. The aim and tasks of the study

The main aim of present research was to devise a meth-
odology for examining structural-mechanical properties of 
turkey meat raw materials.

To achieve the set aim, the following tasks were to be 
solved:

– to improve a methodology of research into the struc-
ture of poultry meat, which would enable registration of 
minor changes in the rheological properties that are difficult 
to determine organoleptically;

– to explore dynamics of change in the structural-me-
chanical properties of turkey fillet during storage.

4. Materials and methods of experimental research

For the purpose of verification of the method, we con-
ducted a series of experiments in the physics laboratory of 
Kyiv National Trade and Economic University (KNTEU), 
Ukraine. 

The research was performed in the modules “rheolo-
gy” and “Penetration” of the installation MIG 1.3 [13], 
Ukraine, made jointly by TOV “ITM”, Kharkiv, Ukraine 
and KNTEU, Kyiv, Ukraine. A detailed description of 
methods and equipment is in [14].

5. Results of examining the indicators of properties

After deforming the sample, data of dynamometer, using 
the software of measuring unit, form a chart of relaxation of 
muscle tissue. An example of data from one sensor of the de-
signed installation over the course of deformation of turkey 
fillet’s sample No. 2 is shown in Fig. 1.

Next, data were exported to a tabular processor for pro-
cessing. The initial schedule of deformation is saved for regis-
tration or research protocol. 

An example of determining tensile strength of muscle 
fibers by the penetration method is shown in Fig. 2.

Using the method of indicator immersion, strength of 
the structure is typically assessed by a special indicator – a 
magnitude that characterizes a degree of penetration of the 
indenter inside the examined sample material under con-
stant loading. This indicator is expressed by the magnitude 
of boundary shear stress, which characterizes strength of 
the structure of material at low deformation velocity. Its 
use is not expedient for the estimation of structure of such 
complex systems as meat [8], so it was proposed to use a 
cylindrical indenter and by plunging it at a constant rate 
down to a constant depth to capture resistance force of the 
product [15]. During immersion of the indenter, resistance 
force rapidly increases (Fig. 2, sector 1), but after the 
fracture of surface of the sample (and in our case, muscle 
fibers in the surface layer), resistance of the muscle tissues 
decreases sharply (Fig. 2, sector 2). A chart of change in the 
resistance force forms a peak over time (Fig. 2, mark 4), by 
measuring the magnitude of which it is possible to calculate 
tensile strength of the surface of product.
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7. Discussion of results of examining changes in the 
structural and mechanical properties of turkey fillet 

during storage time

In order to compare the properties of samples with dif-
ferent storage time, we constructed turkey fillet relaxation 
curves (Fig. 3), which completely correlate with the data on 
relaxation effort for other varieties of meat [16].

Data of graphs in Fig. 3 are built exclusively by points 
without interpolation. 

Fig. 3 shows a zone of the loading (1), which is before the 
limit of proportionality, that is, one can argue that the load 
at 17 kPa causes elastic deformation in the fillet’s muscle 
tissues, therefore, it corresponds to the pressing force when 
using an organoleptic method for determining freshness of 
turkey meat [9].

 

Fig.	1.	Program	window	“Multimedia	laboratory	MIG	1.3”.		
Chart	of	deformation	of	turkey	fillet	sample	when	stretching	along	fibers

 

Fig.	2.	Program	window	“Multimedia	laboratory	MIG	1.3”.	Determining	tensile	strength	of	sample	2	of	turkey	fillet	by		
the	penetration	method	at	angle	85–95°	to	the	fibers:	1	–	sector	of	growth	in	the	resistance	force;	2	–	sector	of	fall	in		

the	resistance	force	strengthened	by	product	adhesion,	3	–	penetration	effort	in	failed	experiment,	4	–	penetration	effort
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Fig.	3.	Relaxation	curves	of	turkey	fillet	with	different	
storage	time	at	axial	deformation,	zones:	1	–	load,		
2	–	intensive	deformation,	3	–	slow	deformation

A zone of intensive strain (Fig. 3, zone (2) is specific for 
each sample, and is characterized by a reduction in resis-
tance force by 50 %. It is the size of the area of intensive de-
formation (period of partial recovery in the shape of surface) 
that is determined visually by pressing the surface of meat 
while checking quality of raw materials. However, when 
processing the semi-finished poultry products, deformation 
and recovery of structure usually last longer than the width 
of zone of intensive deformation (1...2 s).

A zone of slow deformation (Fig. 3, zone (3) is character-
ized by a gradual change in the structure and displacement 
of muscle fiber. Zone (3) is difficult to define organolepti-
cally, but in the process of mechanical treatment or shaping 
products, the velocity of processes that taking place in the 
zone of gradual deformation, will form the consistency and 
outer look of culinary products. 

At the next step, we built mathematical models of change 
in the structural-mechanical properties of turkey fillet over 
the storage time.

One of the commonly applied methods of mathemati-
cal modeling, which is used to plan an experiment in food 
technology, is the method of full factorial experiment and 
construction of response surfaces by two factors [16]. This 
method is very effective when determining rational values 
of the examined factors [16, 17]. However, in the analysis of 
dependence of parameter on one factor, it is more expedient 
to use the method of integral analysis [18]. To improve the 
visualization of data, we performed the following:

– an artificial axis of time is drawn, which does not 
correspond to the real time of experiment, but maintains 
obligatory scale and period of taking the data;

– for the resulting resistance force, the weight of the 
examined samples was calculated;

– the relaxation data were limited in accordance with 
the time of relaxation in the fastest sample (all charts have 
the same length of 24.275 s);

– charts of relaxation were shifted relative to each other 
over time by 1 s.

All of the steps above do not distort original data and are 
performed solely to improve the perception of difference in 
the deformation energy of the examined samples. 

To facilitate the regression analysis, we rejected the zone 
of loads in the obtained data (Fig. 3, sector (1)).

At the next stage, we carried out a regression analysis 
and obtained relaxation equations of the examined samples. 
Function type was selected so that the confidence level of ap-
proximation (R2) was as large as possible. In all the derived 
functions, R2≥0.98.

Results of regression analysis are shown in Fig. 4.

Fig.	4.	Results	of	regression	analysis	of	relaxation	equations

The resulting data array makes it possible to apply a 
method of energy comparisons for the analysis of structur-
al-mechanical properties of meat. The obtained regression 
equations are analyzed by the graphical method of determin-
ing deformation work, which allows us to define the energy 
used for deformation. To determine the difference in energy, 
which is spent on the relaxation, the obtained equations were 
integrated (Fig. 5).

A geometrical method allows us to determine rather 
simply the energy used on the process of deformation as the 
area under the chart.

Fig.	5.	Integration	of	relaxation	curves	of	turkey	fillet	

After obtaining the integrals, we defined their area, 
which along the x axis is limited by the time of relaxation, 
and along the y axis – by the x axis and the relaxation equa-
tion. The area of integral between the obtained equation of 
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relaxation and y=0 over the time period of examining relax-
ation effort will determine the energy of sample’s resistance 
to deformation. 

Results of determining the integration of relaxation 
curves of turkey fillet with different storage time are shown 
in Table 1.

By the analysis of Table 1 it can be argued that the larg-
est resistance energy during axial tensile deformation was 
displayed by the first sample, stored for 6 hours. A difference 
in the relaxation energy of the samples that were stored for 
22 and 46 hours, in comparison, is small and is about 11 %, 
indicating a sharp softening in turkey fillet during first 
22 hours and slowing down of this process in the 2 day of 
storing. In practice, this means that the difference in the 
consistency of half-finished products made of turkey fillet, 
which was stored for 22 and 46 hours, is almost impossible 
to detect organoleptically.

During manufacturing, natural raw materials are sub-
jected to deformation while at the same time they must keep 
the set shape. This property is, in many ways, defined by the 
time of irreversible change in the structure of sample, that is, 
at a constant loading over certain time, the deformation of 
the sample becomes more plastic. 

The time of irreversible change in the structure under 
load is determined by the shape of relaxation chart. In order 
to determine the curvature of relaxation charts, we applied a 
method for constructing tangents [18]. The angle of tangent 
to the curve of relaxation indicates how fast the structure of 
the product is destroyed in a specified time when deforming 
force is applied.

To improve the visualization, the charts are combined 
along the x and y axes without changing data arrays. The 
tangents were built for all samples from the first to the tenth 
second of relaxation with an interval of 1 second. An exam-
ple of constructing tangents at the first and fourth second of 
relaxation is shown in Fig. 6.

By analyzing Fig. 6, it is possible to obtain the equations, 
inclination angles and points of intersection of tangents with 
the x axis (Table 2). The largest difference in inclination 
angles of the tangents was observed at the fourth second of 
relaxation, which is why we present these data for analysis 
of the curves.

The difference between samples 1 and 
2 is within statistical error, the angular 
difference between model 3 and other 
samples is credible. This indicates a sig-
nificantly slower recovery of the structure 
of turkey fillet after applying deforming 
force for 4 seconds. Organoleptically, 
this difference will be unrecognizable, 
but after 46 hours of storing autolytic 
processes significantly affect the elastic 
properties of turkey fillet. 

From a technological standpoint, the 
fillet that was stored longer than 46 hours 
is expedient to use in the special types for 
products – rolls or roulettes.

When processing results of the pene-
tration, we rejected those results of pen-
etration, in which it was impossible to 
isolate a clear strength maximum [14]. 
In the process of mathematical-statisti-
cal processing, we discarded unreliable 
results (slips), which is why the num-
ber of credible results (nd) for each sam-
ple was individual. Relative penetration 
stress (Θp) and tensile strength of the 
surface of muscle tissue (Θog) were cal-
culated by procedure [19]. Results on the 
penetration of turkey fillet samples are 
given in Table 3.

Table	2	

Analysis	of	tangents	to	the	relaxation	chart	of	turkey	fillet	
samples	at	the	4th	second	of	relaxation

No. of sample 
(storage time)

Relaxation equa-
tion derivative

Equation of  
the tangent

Inclination angle 
of the tangent, 0

1 (6 hours) у’(x)=–0.63x-1 –0.158x+7.205 –8.970

2 (22 hours) у’(x)=–0.67x-1 –0.147x+6.996 –8.388

3 (46 hours)
у’(x)=8.28x-0.0921– 

–0.0921x-1 –0.167x+7.308 –9.477

Fig.	6.	Determining	the	curvature	of	relaxation	chart	of	
turkey	fillet	samples	with	different	storage	periods

Table	1

Integration	of	relaxation	curves	of	turkey	fillet	with	different	storage	time

No. of sample 
(storage time)

Relaxation 
equation

Inequality for determining  
the area of figure

Energy of 
sample’s resis-
tance (E), kJ

Absolute  
error (ΔЕ), kJ

1 (6 hours)
у=–0.63ln(x)+ 

+9.95
− + ≥∫

26.205

2.005

( 0.63ln x 9.95)dx 0 207.297 13.24

2 (22 hours)
у=–0.67ln(x)+ 

+7.57)
− + ≥∫

25.27

1.002

( 0.67ln x 7.57)dx 0 164.946 11.06

3 (46 hours) у=8.28x(-0.0921) − ≥∫
24.275

0.092

0.002

(8.28x )dx 0 148.104 11.20
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should have delicate consistency.

7. Conclusions
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