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Abstract

A study on deformation and filtration properties of a leather semi-finished product after chrome tanning are
presented. The analytical dependences of compressive load on compressive (recovery) strain and moisture content
of a leather semi-finished product are obtained. The empirical dependences of hydraulic gradient on filtration rates
are determined for various compression ratios of the leather semi-finished product. It was revealed that with an
increase in compressive load and moisture content of the leather semi-finished product, the compressive
deformation increases. The shoulder section is subject to the greatest deformation, then the belly section and the
least deformation is observed in the butt section. A linear relationship has been established between the hydraulic
gradient and the rate of moisture filtration through the leather semi-finished product in the directions
perpendicular and parallel to its surface.
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1 Introduction
The leather manufacturing involves a number of unit
operations, where the liming processes decide the quality
of leathers [1]. It is not easy to produce a leather semi-
finished product because of complex process parameters
and various chemicals involved in leather making pro-
cesses in terms of mechanics as well as chemistry.
Therefore, tanners are directed to follow sustainable
leather-technologies to reduce the pollution problems.
In addition, the unhairing and liming operations result
in 60–70% of the total pollution load in the leather
industry [2]. With the aim of reducing a leather semi-
finished product production cost and a pressure of
various treatments the optimization of the conditions in
the processes and theoretical models are still necessary.
In order to understand the influencing mechanism of

various factors such as strain, filtration, etc. of the semi-
finished product leather it is necessary to investigate the
development of theoretical models. Nowadays, a high
number of efforts have been made to the improvement
of the quality of the leather semi-finished products. For
example, Moktadir et al. developed a model for the sus-
tainable supply chain management in leather industry [3].
Another study reported that a kinematic model of chrome
tanned leather [4]. An important and crucial place in the
technology of leather mechanical processing occupies the
water squeezing from a leather semi-finished product, per-
formed mainly by rollers. A theoretical description of the
process of rolling of a leather is one of the most difficult
tasks in modern mechanics. It is essential to find a joint
solution to two tasks: the first one is the contact inter-
action in two-roll modules (the contact task); the second
one is the moisture filtration in a deformable inhomogen-
eous porous medium (the hydrodynamic problem). The
leather is pressed after tanning. In this regard, the paper
considers the problems of analytical description of the de-
formation and filtration properties of semi-finished leather
after tanning, with the aim of their further use in modeling
the roll pressing of leather. Over a decade and more now,
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the researchers have been focusing on sustainability-based
research goals and objectives for the leather semi-
finished product. Several sustainable technologies
addressed to each unit operation during leather
processing have been developed and showcased.
Moreover, there are a lot of publications devoted to
physico-mechanical properties of a leather semi-
finished product [5, 6]. However, only a few publica-
tions have been devoted to the study of deformation
properties of a leather semi-finished product after
chrome tanning. Graphical characteristics of deform-
ation properties of a leather semi-finished product
after chrome tanning under compression were given
elsewhere [7]. The “stress-strain” dependences of
chrome tanned leather under compression were estab-
lished earlier, but it is insufficient to describe the
strain nature of a leather semi-finished product by
mathematical formulas. The strain behavior of a lea-
ther semi-finished product after tanning under com-
pression and recovery was specified based on models
described [8]. The deformation properties of semi-
finished leather after tanning was reported in our
previous papers [9, 10], which provided a detailed
analysis of the literature on the deformation proper-
ties of semi-finished leather products. Therefore, we
present some additional information from the litera-
ture on this issue.
To simulate the processes of contact interaction, the

strain models of “stress–strain” type of the leather semi-
finished product are necessary. Hence, the dependences
of the form can be as follows [11]:

σ ¼ σ εð Þ ð1Þ
The previously obtained dependence,

σ ¼ aþ bεþ cε2 þ dε3 ð2Þ
where the coefficients characterizing the topographic
features of the semi-finished leather product [9] were
used in the study of the roller pressing of the semi-
finished leather product with vertical feeding.
As a result of analysis of experimental studies of the

stress–strain curves of a leather semi-finished product
after tanning under compression, it was recommended
to divide each curve into four regions described by dif-
ferent formulas: the first and the last ones - by linear de-
pendencies, the second and the third ones - by power
dependencies [12]. A “strain-stress” dependence of the
strain properties of a leather semi-finished product was
given by formula [13, 14]:

ε ¼ AQn ð3Þ
where ε− is the strain; Q− is the stress; A, n− are the em-
pirical coefficients.

It is suggested that A = 0.103W + 1.44, for leather
upper shoes, where: W− is the leather moisture content
[13]. A formula of the following form was given [14]:

ε σ; τ;Wð Þ ¼ a 0; 47σ0:243 þ 0:275τ0:05−0:273
� � W

73

� �2:31

þ b

ð4Þ

for a leather semi-finished product after chrome tanning,
where: ε− is the strain, τ− is the time of load impact, is
the leather moisture content, σ – is the compressive
stress, a, b – are the coefficients characterizing the topo-
graphic features of the leather semi-finished product.
Filtration properties of materials are characterized by

the relationship between hydrostatic pressure and fluid
filtration rate. Currently, there are no data characterizing
the filtration properties of semi-finished leather in the
literature. Thus, at present, there are no analytical de-
pendencies that describe the deformation and filtration
properties of a semi-finished tanning product after tan-
ning, which can be used in solving contact and hydro-
dynamic problems of the process of roller pressing of
leather. Hence, the purpose of this study is to develop a
model for the deformation and filtration of a leather
semi-finished product. Based on the analysis of previous
publications, it was concluded that the modeling the
strain pattern of the leather semi-finished product under
compression and recovery and the simulation of the fil-
tration properties of the leather semi-finished product.

2 Experimental studies
2.1 Study of deformation properties of a leather semi-
finished product
One of the most important problems is to determine the
analytical equation reflecting the shape of the contact
curve. The shape of the roll contact curves is judged by
the change in material layer thickness along the roll con-
tact zone. The experiments were carried out using a fa-
cility shown in Fig. 1. The operation principle of the
installation is as follows: with the help of a counter-
weight (7), the lever (8) is set in a horizontal position,
and is fixed by lifting with a limiter (9). The hemispher-
ical head (6) abuts against the lever (8). The test sample
(2) is placed on the center of the stand (1), during the
rotation of which a gap is formed between the sample
and the head (3), equal to the measured thickness test
specimen. The necessary compressive load is created
with the selection of the mass of the weight (11) and its
location on the lever (8). The limiter (9) is lowered and
the lever (8) presses through the head (6) on the rod (4),
which, moving downward, compresses the sample (2)
with the head (3) having a surface area of 1 cm2. After a
set time, with the lifting of the limiter (9), the
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compressive load is removed by lifting the cam mechan-
ism (9). Then the sample (2) begins to recover the strain
and moves the rod (4) in the opposite direction. In this
case, the sample (2) is under the force 0.001MPa. The
compression and recovery deformation of the leather
semi-finished product (2) is measured with a precision
indicator (10) with a graduation of 0.001 mm using a T-
shaped plate (5). In this test, two sets of stamp and head
were used. The first set is designed to study the strain in
a leather semi-finished product in a direction of its verti-
cal surface, and the second - in a direction radial to the
roll axis.
As shown in Figs. 2(a and b), for experimental

research, semi-finished leather products were used -

chrome-tanned beef from butt region, after pressing on
roller squeezers, processed at the production sites of
PREMIUM LEATHER LLC (Limited Liability Company)
(Kokand, Fergana region, Uzbekistan). From x = 2500
pieces of semi-finished products according to the for-
mula n ¼ 0:2

ffiffiffi
x

p
10 were selected. Based on the method

of testing leather in compression, samples of size 60 × 60
mm2 were prepared from each selected semi-finished
product and assembled into groups [9]. The tests were
performed at a load of 2 to 10MPa, a moisture of 0.8 to
1.0 (from 60 to 75%, respectively), a time of compression
load impact for 1 min.

2.2 Study of filtration properties of a leather semi-
finished product
A characteristic feature of filtration during squeezing is
the significant compression of the leather semi-finished
product during the moisture movement in its pores. De-
pending on the degree of compression of the material,
its filtration characteristics also change. In this regard,
we studied the moisture filtration through a leather
semi-finished product at various degrees of compression.
The installation (see Fig. 3), on which the tests were car-
ried out, consists of three parts: a filtration device, a
press and a device for water supply. The main part of
the filtration device is a base (2) - a massive hollow con-
tainer, in the upper part of which, on the ring collar,
metal grill (4), rubber ring, inside which the test sample
(5) is, a metal grill (6) and a piston (21) are consecutively
placed. On the side of the base (2), a pipe (3) is fixed,
and a tube (22), from which water is drained into glass
(23). In the filtering apparatus, metal grill (4), sample (5)
and metal grill (6) are designed to test the water filtra-
tion through a leather semi-finished product in a

Fig. 1 Schematic view of an installation to study the strain pattern
of a leather semi-finished product

Fig. 2 Semi-finished leather product - chrome-tanned beef obtained from butt region (a), after pressing on roller squeezers (b)
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direction perpendicular to its surface. When studying
the water filtration through the leather semi-finished
product in a direction parallel to its surface, the metal
grill (4), the sample (5) and the metal grill (6) are re-
placed by a metal grill (4′), a sample (5′), and a metal
grill (6′), respectively.
The operation principle of the installation as follows:

the filtration device is installed on the groundwork (1).
The rod (7) of the press abuts against piston recess (21).
Using an extension cord (8) and a precision indicator
with a graduation of 0.001 mm (20), the required strain

value of the sample (5) is set and fixed by the lock nut of
extension cord (8). A branch pipe (11) of the device III
is connected to a hose (3). Water is poured into cylinder
(16) through a funnel (14) until it appears in tube (15).
When the cylinder is filled with water, a valve (12) closes
and a piston (13) is lowered until it comes into contact
with water. The necessary pressure is created using a
load (9) and opens a valve (12). Hydraulic pressure is
determined by a pressure gauge (17), and the piston
displacement is measured using a ruler (19) through a
rod (18) and a plug (10).

Fig. 3 Installation to test the leather semi-finished product filtration
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When studying the water filtration through a leather
semi-finished product in the direction perpendicular to
its surface, the samples of size 10 cm2 (of diameter 35.7
mm) were prepared, and in parallel direction as shown
in Fig. 3. These samples were cut and completed using
the method of asymmetric fringe from bovine leather
semi-finished products, processed according to the tech-
nology of chrome leather production after chrome tan-
ning and laying. A fluid used for chrome tanning of a
leather semi-finished product was taken as a filtering
fluid. The relative strain of the leather semi-finished
product in the tests varied from 0.314 to 0.593, and the
pressure on the cylinder was 0.05–2.13MPa. Piston dis-
placement and hydrostatic gradient were measured after
5, 10, 20, 40, and 60 s. The reliability of the experimental
results can be assured by replicating the experiments
under same conditions at least three times and then the
average results of three experiments may be reported.
Moisture filtration rates through the leather semi-
finished product in the directions parallel and perpen-
dicular to its surface and the hydraulic gradient in these
directions were calculated from formulas given in [15]:

vx ¼ 1
5

X5

i¼1

vxi ¼ 1
5

X5

i¼1

gi
Fxti

; vy ¼ 1
5

X5

i¼1

vyi ¼ 1
5

X5

i¼1

gi
Fyti

;

Ix ¼ 1
5l1

X5

i¼1

γ
γB

σy−
Si−SI−1

2

� �
; Iy ¼ 1

5l2

X5

i¼1

γ
γB

σy−
Si−SI−1

2

� �
;

ð5Þ

where vx, vy− are the filtration rates, cm/s; Ix, Iy− are the
hydraulic gradients; Fx, Fy− are the areas by which the
filtration occurs, cm2; ti− is the filtration duration, s; l1−
is the length of filtration path equal to the length of the
sample jumper, 5′, cm; l2− is the sample thickness after
compression in the press II,cm; σy− is the pressure on
the cylinder, cm of water column; γ− is the density of
water g/cm3; γB− is the density of the filtered moisture,
equal at a temperature of 20∘ to 1.035, at 40∘ to 1.020, at
60∘ to 1.010, g/cm3; Si− is the piston path in time ti cm;
gi− is the amount of water filtered through the leather
semi-finished product in time ti, determined by formula

gi ¼
πðd2

y−d
2
i Þ

4 ðSi−Si−1Þ, S0 = 0, cm3, here dy, di - are the di-
ameters of the rod and cylinder, cm.

3 Mathematical processing of experimental
results
Deformation (filtration) properties obtained by experi-
mental way have a direct relationship to the mathemat-
ical processing of experimental results because the
reliability of the experimental data of deformation and
filtration properties measuring experiments needs to be
assured by using empirical formulas due to the data

scattering. As a result of experiments, the obtained data
showed that the relative compression and recovery strain
of semi-finished leather product depends on the com-
pression load and humidity as shown in Figs. 4 and 5.
The obtained experimental data were approximated by
empirical formulas showing the dependence of compres-
sive load on compression (recovery) strain and moisture
content of the leather semi-finished product. The coeffi-
cients of empirical formulas (6)–(7) were determined by
the least squares method [12, 13]. An analysis of the
curves plotted according to formulas (6)–(7) shows that
they are in good agreement with the experimental curves
that’s why there is no need to verify the correctness of
the formulas. In addition, these formulas are applicable
not only to the proposed experiment but also to other
experiments related to the measurement of deformation
and filtration properties of semi-finished leather product.
The degrees of reliability and accuracy of experimental
data approximation were estimated by the correlation
and variation coefficients [16]. The approximation ac-
curacy indices for these formulas are quite satisfactory,
and the reliability indices are high. Therefore, we can as-
sume that formulas (6)–(7) well describe the deform-
ation and filtration properties of the leather semi-
finished product. This confirms the reliability of the de-
veloped mathematical models. Hence, those formulas
can be used in solving the contact problems of the lea-
ther squeezing process by rolls. When summarizing the
obtained dependences and graphs, empirical formulas
were found that describe the strain of a leather semi-
finished product after chrome tanning in the direction
vertical to its surface:
under compression

σ ¼ 25:28 � ε3;73 �W −14:74; ð6Þ
under recovery

σ ¼ 51:80 � ε3:55 �W −11:88: ð7Þ
The graphs of dependences of moisture filtration rate

through a leather semi-finished product on hydraulic
gradient are shown in Fig. 6. When summarizing the ob-
tained dependences and graphs, empirical formulas are
found that describe the filtration properties of the lea-
ther semi-finished product in directions perpendicular
and parallel to its surface:

Iy ¼ a1ε � þb1ð Þvy; ð8Þ

Ix ¼ a2εþ b2ð Þvx; ð9Þ
where ε− is the relative strain of the leather semi-
finished product. The coefficients from formulas (8) and
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(9), equal to a1 = 147 ⋅ 105, b1 = 8 ⋅ 104, a1 = 132 ⋅ 104,
b2 = − 19 ⋅ 103, were determined by the least squares
method.
An analysis of the curves plotted according to formu-

las (6)–(9) shows that they are in good agreement with
the experimental curves. The degrees of reliability and
approximation accuracy of experimental data were esti-
mated by the correlation and variation coefficients [17].
The approximation accuracy indices for these formulas
are quite satisfactory, and the reliability indices are high.
For example, the coefficients of variation and correlation
in formula (6), at W = 1.0 (at moisture content 75 % ) are
0.0013 and 0.995, respectively and at σ = 6 MPa - 0.011
and 1.005, respectively; in formula (6), at ε = 0.5 (at rela-
tive strain 50 % ) they are 0.01 and 0.99, respectively, and
at vx = 10−4 cm/s - 0.033 and 0.97, respectively). There-
fore, we can assume that formulas (8)–(9) well describe
the deformation and filtration properties of the leather
semi-finished product. This confirms the reliability of
the developed mathematical models. Hence, they can be

used in solving the contact and hydrodynamic problems
of the leather squeezing process by rolls.

4 Conclusions
When analyzing the obtained experimental data and
graphs characterizing the deformation properties of the
leather semi-finished product under compression and
recovery, the following aspects were revealed:

– with an increase in compressive load, the
compression strain increases, and the maximum
compressive strain of a butt section at a moisture
content of 75% is reached under the load of 10MPa;

– the lower the moisture content of the leather semi-
finished product, the less its strain. So, under com-
pressive load of 6MPa, the relative compressive
strain of a butt section at a moisture content of 60%
is 0.326, at a moisture content of 65% - 0.432, at a
moisture content of 70% - 0.563 and at a moisture
content of 75% - 0.684, and the relative recovery

Fig. 4 Dependences of compressive strain ɛ of the butt section on compressive load. σ (1-W = 1; 2-W = 0.94; 3-W = 0.82) and moisture content W
(1-σ = 10 MPa; 2-σ = 6 MPa; 3-σ = 2MPa)

Fig. 5 Dependences of recovery strain ε of the belly section on compressive load. σ (1-W = 1; 2 −W = 0.94; 3 −W = 0.82) and moisture content
W (1−σ = 10MPa; σ = 6 MPa; σ = 2MPa)
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strains in these cases are 0.304, 0.401 0.502 and
0.573, respectively;

– the compression and recovery strain curves with
increasing impact time of compressive load increase
sharply, then the growth slows down, and they
asymptotically approach a straight line parallel to
the abscissa axis;

– other conditions being equal, the greatest strains are
observed in the shoulder section, then in the belly
and the least ones - in the butt section;

– there are linear dependencies between the hydraulic
gradient and the rate of moisture filtration through
the leather semi-finished product in the directions
perpendicular and parallel to its surface.
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