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Abstract

In order to analyze the compressive stress state of a cotton fiber assembly in the compression process, a new cotton

fiber assembly model, the tetrakaidecahedral porous cotton fiber assembly model, is presented based on the idea of

three-dimensional open-cell foam material modeling. Based on the model, the compression process of cotton fiber

assembly is analyzed using the finite element method. The change in the compressive stress of the cotton fiber assembly

in the compression process is successfully described. The measurement method of compressive modulus of the cotton

fiber assembly is also studied, and the relation between compressive modulus and relative density of the cotton fiber

assembly is determined. Finally, the effect of different moisture regain on compressive stress of the cotton fiber assem-

bly is analyzed, and the reference value of moisture regain in the cotton baling process is given. The results show that

the simulation results are consistent with the actual situation. Therefore, the established model of cotton fiber assembly

has validity.
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Cotton is an important material in the textile industry,
and is used within fiber assembly. Throughout the pick-
ing, storage, and processing of cotton, the cotton fiber
assembly needs to be repeatedly compressed and loo-
sened. In the process of compression, the actions of
external forces will lead to changes in the properties
of the cotton fiber assembly. If the compressive stress
is too large, the cotton fibers may form indentations or
even crack in contact with each other, which will
change their mechanical strength and affect the quality
of the cotton.

The mechanical behavior of fiber assemblies under
the application and release of pressure has been dis-
cussed by scholars for more than half a century. In
the process of compression, the internal fiber move-
ments of the fiber assembly are very complex and
irregular. The compression behavior of a fiber assembly
is composed of the bending, buckling, tensile, torsion,
friction, sliding, and compression effects of a large
number of fibers. It is also affected by the fiber filling
density, fiber arrangement, fiber physical properties,
surface properties, and related mechanical properties.1

Due to the complexity of the compression behavior of
the cotton fiber assembly, the finite element method is
used to simulate the compression process. Therefore, a
reasonable finite element analysis model must be estab-
lished. However, there are few studies on the model of
the cotton fiber assembly, most of which are limited to
the mechanical model of a single cotton fiber. Smith
and Roberts present a two-dimensional dynamics
model of fibers in an accelerating laminar air flow.2

This model is composed of a series of spherical elements
connected by massless rigid rods. The nonlinear model
equation of each fiber includes the effects of inertia, air
drag, and flexural rigidity. Yamamoto and Matsuoka
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consider that the fiber is made up of a series of spheres
which are aligned and bonded to their neighbors.3 Each
pair of bonded spheres can stretch, bend, and twist. The
three parameters of stretching, bending, and twisting
constants can express the strength of bonding between
the spheres and the flexibility of the fibers. Kong and
Platfoot take cotton fiber to be a two-dimensional com-
putational fluid dynamics (CFD) flexible chain model
that is connected by dispersed nodes, without consider-
ing mass.4 By using this model, they simulate and ana-
lyze the influence of yarn inside the transportation zone
of a spinning machine. Based on the modeling idea
of composite laminate, Xiaochuan and Wang5 put for-
ward a laminated cotton model, in which cotton fibers
are laid at a particular angle on a two-dimensional
plane, and then layers of cotton fibers are stacked
to form a cotton fiber assembly model. Based on
this model, the force of cotton fiber being broken in
the ginning process is successfully simulated.
However, the above mechanical model of cotton fiber
is difficult to apply for the analysis of the compression
process. It is necessary to find a new method to estab-
lish a model.

Open-cell foam materials have been widely studied
and applied because of their unique properties and
advantages. Gibson and Ashby, based on a compres-
sion deformation study of the unit cell model, put for-
ward the collapse theory of foam materials. They
deduce the analytical equation of the relation between
the mechanical properties of foam materials and the
relative density.6 Through a compression test, Yong
et al.7 find that the compressibility of a cotton fiber
assembly is very similar to that of a porous foam mater-
ial such as porous polyurethane foam and foamed alu-
minum. The compressibility of a cotton fiber assembly
can be analyzed by using the research method used
for porous foam materials. Many scholars have studied
the mechanical model of open-cell foam materials.
Different from closed-cell foam materials, the gas
phase in the open-cell foam material is connected.
For low-density materials, the single cell body generally
has a polyhedral shape, and the connected spatial
pillar network structure is formed.8 Gent and Thomas
propose the elastic pillar network model and the cube
structure model, and give prediction results for the elas-
tic modulus.9,10 Ko proposes two kinds of five-sided
dodecahedron models,11 and obtains different predic-
tion equations for elastic modulus of foam materials.
Gibson and Ashby introduce the mechanism of bending
deformation through the cubic staggered model.12

The tetrakaidecahedral model proposed by Kelvin is
considered to be the model with the smallest pore sur-
face area per unit volume.13 Warren and Kraynik
study the tetrakaidecahedral model of open-cell foam
materials, and obtain the relation between the volume

modulus of foam materials and the pore microstruc-
ture.14 Zhu et al. use a tetrakaidecahedral structure
model to analyze the elastic properties of open-
cell foam materials.15 Based on the idea of open-cell
foam material modeling, this paper proposes a new
cotton fiber assembly model, which is applied to the
analysis of the compression process of the cotton fiber
assembly.

In addition, the compressive modulus of the cotton
fiber assembly is an indispensable basic material par-
ameter for finite element analysis. However, there are
few reports about the compressive modulus of the
cotton fiber assembly. Through compression test and
data fitting, Yong et al. establish the analytic equation
of the relation between compressive stress and the rela-
tive density of the cotton fiber assembly.7 In order to
simplify the problem, Van Wyk assumes that bending is
the only important form of fiber movement,16 thus
ignoring the twisting, slipping, and stretching, while
ignoring the fiber curl factor, and therefore regard the
fiber as a straight rod. Second, he assumes that the
fibers are randomly oriented and uniformly stacked,
and that there is no friction between fibers. The pres-
sure–volume relation of the fiber assembly in the cyclic
process of ‘‘compression and release’’ is deduced. Later
scholars, while adopting van Wyk’s model, point out
the defects in the theory: Most of the compression
curve of the fiber assembly does not conform to van
Wyk’s pressure–volume curve;17 the theory fails to find
the unrecoverable strain and the hysteresis phenom-
enon in the compression process;18 and due to the con-
stant value K in the pressure–volume relation of fiber
assembly, the difference in compression characteristics
between different types of fibers cannot be explained.19

Therefore, the theory and equation based on some sim-
plified assumptions are still different from the actual
compression situation, which needs further modifica-
tion and improvement.

Establishment of a macroscopic finite
element model for the compression

process of a cotton fiber assembly

A cotton fiber assembly is a kind of irregular flexible
structure, with a large number of internal pores, as
shown in Figure 1. The cotton fiber assembly consists
of the accumulation of a large number of cotton fibers,
forming a roughly irregular ellipsoid. Cotton is formed
by a large number of random winding fibers with pores
between the inner fibers of the cotton. A cotton fiber
assembly is fluffy, soft, and elastic. The arrangement of
fibers has almost no law, and the spatial relationship
between fibers is very complex.

In order to simplify the problem and facilitate the
calculation, it is necessary to make some assumptions
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about the problem. The following assumptions are used
in the simulation of compression behavior:

1. It is assumed that the cotton fiber assembly is a flex-
ible structure with a large number of holes. From the
perspective of material composition, the cotton fiber
assembly is regarded as a structure based on the
cotton fiber bundles. From the perspective of geo-
metric structure, the large number of holes in the
cotton fiber assembly is assumed.

2. It is assumed that the pore shape is regular and
evenly distributed. The pore-filling method of
three-dimensional porous materials is composed of
three-dimensional polyhedrons, and the most
common polyhedron models include tetrahedrons,
octahedrons, dodecahedrons, and tetrakaidecahe-
drons.20 The tetrakaidecahedral model is considered
to have the highest porosity with the minimum pore
surface area per unit volume. In addition, if the tet-
rakaidecahedral unit cell model is regularly arranged
in a body-centered cubic arrangement, it can com-
pletely fill the entire three-dimensional space.21

Based on the idea of three-dimensional porous
material modeling, a new cotton fiber assembly
model, namely the tetrakaidecahedral porous cotton
fiber assembly model, is presented. The tetrakaidecahe-
dral geometric unicellular model consists of 8 regular
hexagons and 6 regular quadrilaterals, and contains 24
vertices and 36 equal-length prisms, as shown in
Figure 2(a). With a square as the cross-section shape
of the prisms, the unicellular model is arranged regu-
larly in the form of a body-centered cubic arrangement;
in order to reduce the subsequent finite element

calculation, only a 2� 2� 2 cotton fiber assembly
model is established, as shown in Figure 2(b).

For the 2� 2� 2 tetrakaidecahedral cotton fiber
assembly model, there are 9 tetrakaidecahedral unicel-
lular structures and 240 prisms. The relative density of
the tetrakaidecahedral cotton fiber assembly model can
be expressed as follows:

�

�0
¼

15� A

8
ffiffiffi
2
p
� L2

ð1Þ

where � is the overall density of the cotton fiber assem-
bly; �0 is the density of the cotton fiber matrix; A is the
sectional area of the prism; L is the length of the prism.

Measurement of compressive modulus

The cotton fiber assembly is formed by a large number
of cotton fibers that are wound and piled up. In the
whole process of processing and using cotton, its mech-
anical properties are expressed in the form of the aggre-
gate. When the properties of deformation, stress
distribution, and compressive stress of cotton fiber
assembly are studied by theoretical analysis or numerical
simulation, the elastic modulus of the cotton fiber assem-
bly is an indispensable basic parameter. Cotton fiber
assembly is loose, and cannot bear pressure under
unconfined condition. Therefore, when studying the
compressive behavior of a cotton fiber assembly, only
the laterally confined elastic modulus is meaningful.
The modulus of a material under compression deform-
ation is called the compressive modulus, which is defined
as the ratio of stress to corresponding strain when the
material is subjected to unidirectional or uniaxial com-
pression. However, there are few related researches on
the compressive modulus of cotton fiber assembly.
Therefore, in this section, the compressive modulus of
the cotton fiber assembly is measured through a com-
pression test, and applied to the finite element analysis.

Test materials and equipment

The test material: No.37 Xinluzhong hand-picked raw
cotton, Alar, Xinjiang, China.

The test instruments include a universal testing
machine, pressure sensor (FSR400), electronic scale
(Shanghai Anting Scientific Instrument Factory,
Shanghai, China), and humidity chamber Wenzhou
Darong Textile Instrument Co., Ltd., Wenzhou,
China). The universal testing machine is produced by
Shanghai Zhuoji Instrument Equipment co., LTD
(Shanghai Anting Scientific Instrument Factory
Shanghai, China). The effective force range is 0–
5000N, and the adjustable range of the test speed is
0–500mm/min. The effective measuring range of the

Figure 1. Cotton fiber assembly in a natural state.
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pressure sensor (Interlink Electronics, USA) is 0.01–
20N, and the sensor’s sensing area diameter is 5mm.
The schematic diagram of the test is shown in Figure 3.

Test process

This is the uniaxial compression test of a cotton fiber
assembly in a laterally confined condition. By measur-
ing the relation between the axial strain and the axial
compressive stress and the relation between the axial
stress and the relative density of the cotton fiber

assembly, the compressive modulus of the cotton fiber
assembly can be calculated further.

A 160 g cotton fiber assembly sample with 6.6%mois-
ture regain is loaded into a cylinder (the height and diam-
eter of the cylinder are 300mm and 104mm respectively)
and placed on the platform of universal testing machine
with a loading speed of 100mm/min. Room temperature
is 14�C and relative humidity is 30%. The pressure data
are collected through the upper pressure sensor, and the
value of the axial compressive stress of the cotton fiber
assembly can be calculated according to equation (2):

P ¼
F

S
ð2Þ

where P is the axial compressive stress of the cotton
fiber assembly; F is the pressure collected by the pres-
sure sensor; and S is the contact area between the upper
pressure head and the cotton fiber assembly.

Test data of compressive stress of the cotton fiber
assembly

The relative density of the cotton fiber assembly is
defined as the ratio of the density of the cotton fiber
assembly to the density of the cotton fiber matrix.
During the compression process, the relative density
can be expressed as in equation (3):

�

�0
¼

m

�0S 1� "ð ÞH
¼

1

1þ e
ð3Þ

Figure 2. Tetrakaidecahedral model: (a) tetrakaidecahedral geometric unicellular model; (b) tetrakaidecahedral cotton fiber

assembly model.

Figure 3. Schematic diagram of the cotton fiber assembly

compression test. 1¼ dynamic head; 2¼ cylinder wall; 3¼ sam-

ple cotton fiber assembly; 4¼ static head; 5¼ pressure sensors.
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where � is the overall density of the cotton fiber assem-
bly; �0 is the density of the cotton fiber matrix (the
relative data show that the average density of the
cotton fiber matrix is about 1530 kg/m3); m is the
sample quality of the cotton fiber assembly; S is the
base area of the cylinder; " is the compression strain
of the cotton fiber assembly; H is the initial compres-
sion height of the cotton fiber assembly sample; and e is
the void ratio, which is defined as the ratio of pore
volume to the volume of the cotton fiber matrix.

Based on the test data, the compressive stress–strain
curve and the compressive stress–relative density curve
are shown in Figure 4, where the moisture regain of the
cotton fiber assembly is 6.6%.

Figure 4 shows that in the early stage of compres-
sion, the compression curve of the cotton fiber assembly
is relatively smooth. In this compression stage, the
deformation of the cotton fiber assembly is mainly
seen in the reduction of the internal pore size and slip-
ping between fibers; the increase of compressive stress is
relatively slow. In the later stage of compression, the
trend of compressive stress of the cotton fiber assembly
grows. In this compression stage, the cotton fiber
assembly undergoes elastoplastic deformation and pre-
sents significant hardening characteristics; the compres-
sive stress increases rapidly. When the compression
strain reaches about 65% and the relative density
reaches about 0.12, the compressive stress of the
cotton fiber assembly reaches about 0.075 MPa.

Calculation of compressive modulus

The compression test shows that the compressive stress
curves of the cotton fiber assembly are very similar to
porous foam materials such as porous polyurethane

foam, foamed aluminum, and other foam materials.
Therefore, this section attempts to use the theory of
compression deformation of foam materials to analyze
the relation between compression stress and strain of
the cotton fiber assembly; this way, the compressive
modulus of the cotton fiber assembly can be refined
further. The reliability of the compressive modulus is
verified by comparing a finite element simulation with
the test data.

Gibson and Ashby6 analyzed the compressive
deformation characteristics of foam materials and put
forward the collapse theory of foam materials as given
in equation (4):

��

�s
¼ A

��

�s

� �B

ð4Þ

where �� is the plastic collapse strength of the foam
material; �� is the plastic collapse density of the
foam material; �s is the yield strength of the foam
matrix material; �s is the density of the foam matrix
material; and A and B are the constants relating to
the matrix material. Equation (4) shows that the com-
pressive strength of the foam material has a linear rela-
tionship with the power exponent of the relative density
of the material. Moreover, based on the geometric
model of the porous foam material, the equation for
predicting the elastic modulus of the cubic model of a
porous foam material was derived as equation (5):

E�

Es
¼ C

��

�s

� �2

ð5Þ

where E� is the elastic modulus of the foam material; Es

is the elastic modulus of the foam matrix material; �� is

Figure 4. Test data of compressive stress of the cotton fiber assembly when the moisture regain is 6.6%. (a) Curve of compressive

stress–strain; (b) curve of compressive stress–relative density.
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the plastic collapse density of the foam material; �s is
the density of the foam matrix material; and C is the
material geometric proportionality constant.

Based on the collapse theory, an analytical equation
for the relation between the relative density of the
cotton fiber assembly and the compressive stress is
established as equation (6):

P

P0
¼ a

�

�0

� �b

ð6Þ

where P is the compressive stress of the cotton fiber
assembly; a and b are constants; �=�0 is the relative
density of the cotton fiber assembly; and P0 is the col-
lapse strength of the cotton fiber matrix, which is
denoted as a constant. Then, equation (6) can be con-
verted into equation (7):

P ¼ c
�

�0

� �b

þ d ð7Þ

where P is the compressive stress of the cotton fiber
assembly; b and c are constants; d is the correction
value; and �=�0 is the relative density of the cotton
fiber assembly. Using different values of b, combined
with test data fitting equation (7), the curve of the rela-
tion between the compressive stress and the relative
density of the cotton fiber assembly is shown in
Figure 5, and the corresponding fitting equation is
shown in Table 1.

It can be seen from Figure 5 and Table 1 that the
coefficient of determination R2 of different fitting meth-
ods is 0.8374, 0.9247, 0.9775, 0.9974, 0.9924, and 0.971,
respectively. The fitting results show that b¼ 4; namely,
the fitting effect of compressive stress and the fourth
power of relative density is best, showing a good linear
relation, and the fitting equation has a high reference
value. Therefore, the fitting equation of the relation
between compressive stress and relative density of the
cotton fiber assembly can be expressed as equation (8):

P ¼ c
�

�0

� �4

þ d ð8Þ

where P is the compressive stress of the cotton fiber
assembly; c is a constant; d is a correction value; and
�=�0 is the relative density of the cotton fiber assembly.

The compressive modulus is defined as the ratio of
the stress to the corresponding strain when the material
is subjected to unidirectional or uniaxial compression.
To simplify the problem, the following assumptions are
made in the test.

1. The cotton fiber assembly is simplified as an iso-
tropic continuum from a macroscopic point of view.

2. In the process of uniaxial compression, the cotton
fiber assembly only produces axial compression
behaviors without lateral deformation.

In this way, if the cotton fiber assembly has a small
deformation due to axial compression, in this deform-
ation stage the compressive modulus of the cotton
fiber assembly can be approximately expressed as
equation (9):

Es ¼
�P

"z
ð9Þ

where "z is the axial deformation amount and �P is the
change of axial compressive stress of cotton fiber
assembly.

The cotton fiber assembly has both elasticity and
plasticity, and its compression deformation curve has
no straight segment. With the increase of relative dens-
ity, the cotton fiber assembly presents significant
hardening characteristics, and its stiffness increases
sharply. Therefore, the compressive modulus of the
cotton fiber assembly is not constant, but varies with
relative density. In combination with equations (3) and
(8), the derivative of compressive stress to compression
strain can be obtained. When the initial relative density
is 0.041, the relation between compressive modulus and
relative density of the cotton fiber assembly with 6.6%
moisture regain can be obtained, as shown in Figure 6
and Table 2.

From Figure 6 and Table 2 it can be seen that the
compressive modulus of the cotton fiber assembly
increases with the increase of relative density.
When the relative density reaches 0.12, the compressive
modulus of the cotton fiber assembly reaches about
0.9MPa.

Finite element simulation

Parameters setting

Parameter setting mainly includes four parts: material
parameter definition, model establishment and mesh
division, load and constraint condition setting, and
analysis type setting.

Material parameters definition. The elastic modulus of the
pressing platen is 2.07� 105MPa. The compressive
modulus of the cotton fiber assembly is variable.
When the initial relative density is 0.041 and the mois-
ture regain is 6.6%, the relation between compres-
sive modulus, relative density, and compression strain
of the cotton fiber assembly is shown in Figure 6 and
Table 2. The Poisson ratio and density is shown in
Table 3.

6 Textile Research Journal 0(00)
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Model establishment and mesh division. The pressing platen
model is established at the upper and lower ends of the
cotton fiber assembly model. As for the pressing platen
model and cotton fiber assembly model, Solid185 three-
dimensional solid elements can be used in finite element

software ANSYS for meshing. The divided finite elem-
ent model is shown in Figure 7.

Load and constraint conditions setting. According to the
constraint conditions of the compression test, degrees

Figure 5. The fitting curves between compressive stress and relative density of the cotton fiber assembly: (a) fitted by linear

function; (b) fitted by quadratic function; (c) fitted by cubic function; (d) fitted by quartic function; (e) fitted by fifth-degree function;

(f) fitted by sixth-degree function.
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of freedom in the horizontal direction of the upper
press platen are restricted; degrees of freedom in all
directions of the lower platen are restricted; degrees
of freedom in the horizontal direction of the cotton
fiber assembly are restricted. The contact between the
pressing platen and cotton fiber assembly model is
established. An axial displacement of 65% compression
is applied to the upper platen at approximately 39mm.
The platen loading speed is set to 100mm/min.

Analysis type settings. Analysis type is set to static ana-
lysis, and the type of equation solver is specified as the
sparse direct equation solver (SPARSE) to solve the
problem.

Table 1. The fitting equations between compressive stress and relative density of cotton fiber assembly

Fitting method Fitting equation

Coefficient of

determination R2

Fitted by linear function P ¼ 0:7168
�
�
�0

�
� 0:03814 0.8374

Fitted by quadratic function P ¼ 4:9115
�
�
�0

�2
� 0:0144 0.9247

Fitted by cubic function P ¼ 40:8768
�
�
�0

�3
� 0:00653 0.9775

Fitted by quartic function P ¼ 353:838
�
�
�0

�4
� 0:00258 0.9974

Fitted by fifth-degree function P ¼ 3070:0713
�
�
�0

�5
� 0:0002238 0.9924

Fitted by sixth-degree function P ¼ 26452:4192
�
�
�0

�6
þ 0:00135 0.9710

Table 2. Compressive modulus of cotton fiber assembly when

the moisture regain is 6.6%

Compressive

strain (%)

Relative

density

Compressive

modulus (MPa)

5 0.043 0.0052

10 0.046 0.0069

15 0.048 0.0091

20 0.051 0.0122

25 0.055 0.0168

30 0.059 0.0242

35 0.063 0.0349

40 0.068 0.0516

45 0.074 0.0789

50 0.082 0.1311

55 0.091 0.2198

60 0.103 0.3912

65 0.117 0.7503

66 0.121 0.9105

Figure 6. Curves between compressive modulus and relative

density of the cotton fiber assembly when the moisture regain

is 6.6%

Figure 7. Finite element model of cotton fiber assembly and

pressing platen.

Table 3. The Poisson ratio and density of pressing platen and

cotton fiber5,22

Poisson ratio Density (kg/m3)

Pressing platen 0.29 7850

Cotton fiber 0.4 1530
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Finite element analysis results and comparison
with test data

The solution is a nonlinear process. Through the
ANSYS general post-processor ‘‘POST1,’’ the results
of the action of the platen and the cotton fiber assembly
can be obtained. Figure 8 shows the stress nephogram
of the cotton fiber assembly when compression is 15%,
45%, 60%, and 65%. Figure 9 and Table 4 show the
simulation results and test results of the relation
between the compressive stress, the compressive
amount, and the relative density of the cotton fiber
assembly.

It can be seen from Figure 8 that the cotton fiber
assembly has a large deformation under compression.
The stress of the cotton fiber assembly shows an
increasing trend with increasing compression. In the
stress nephogram, the support part (red region) of the
model prism has a large stress, while the horizontal part
(blue region) has a small stress, which is affected by the
geometric shape of the model. In the compression

process, the deformation of the model is dominated
by the bending deformation of the support part of the
prism, and the bending moment of this part of the
model is large. However, in the actual compression pro-
cess of the cotton fiber assembly, there is a slip behavior
in the cotton fiber, and the deformation of the cotton
fiber assembly is not dominated by the bending deform-
ation of some fibers. Therefore, the model does not well
explain the deformation behavior of internal fibers, but
only the macroscopic mechanical properties of the
cotton fiber assembly. This is a limitation of the macro-
scopic model.

It can be seen from Figure 9 and Table 4 that with
increased compression and relative density, the com-
pressive stress of the cotton fiber assembly increases
continuously. However, when the relative density is
less than 0.055, there is a large fluctuation in the relative
error between the finite element analysis result and the
test data. The fluctuation is mainly caused by the accur-
acy of the pressure sensors in the test. The minimum
stress that the pressure sensor can measure is

Figure 8. The stress nephogram: (a) 15% compression; (b) 45% compression; (c) 60% compression; (d) 65% compression.
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0.00051MPa. Therefore, when the compressive stress is
less than 0.00051MPa, the measured value of the pres-
sure sensor is zero and the relative error is 100%. When
the compressive stress increases to 0.00051MPa, the
measured value suddenly changes from zero to
0.00051MPa, and the relative error changes to 7.3%.
This shows that when the compressive stress reaches the
measurable range of the pressure sensor, the finite elem-
ent analysis result is similar to the test result.

As the compression process continues, the relative
error still fluctuates. But, in general, with increased
compression and relative density, the relative error
decreases continuously, from 48% to about 14%.

There are two main factors contributing to this fluctu-
ation: the first is the model factor and the second is the
test factor. For the model, in the early stage of the
compression process, the pore of the model is larger
and the model can be more easily compressed, so
the compressive stress will be relatively small.
For the test, in the early stage of the compression pro-
cess, the compressive stress is very small, at basically
one or two orders of magnitude smaller than that in the
later stage. Therefore, the measured value in the early
stage is more susceptible to interference by external
conditions, resulting in larger errors. Combining
these two factors, the relative error in the early stage
of the compression process is larger than that in the
later stage.

In the actual compression process of the cotton fiber
assembly, the cotton fiber assembly needs to be com-
pressed to a higher relative density and to reduce the
volume as much as possible to facilitate storage and
transportation. According to China’s National
Standard GB 6975-2013 for cotton baling, the overall
density of the cotton fiber assembly when the cotton is
finally packed into a cotton bale is above 315 kg/m3,
that is, the relative density of the cotton fiber assembly
is above 0.2.23 Therefore, for the actual compression
process, the stress condition of the cotton fiber assem-
bly at high relative density is worthy of attention. The
stress condition at very low relative density has no great
practical research significance. When the cotton fiber
assembly is compressed to a relative density greater
than 0.1, the relative error between the finite element
analysis result and the test result is less than 15%.
Therefore, the macroscopic model can well simulate
the compressive stress of the cotton fiber assembly as
a whole.

Figure 9. Compressive stress curves: (a) the relation between compressive stress and compressive amount; (b) the relation

between compressive stress and relative density.

Table 4. Relation between compressive stress, compressive

amount, and relative density of the cotton fiber assembly when

the moisture regain is 6.6%

Compressive

amount (%)

Relative

density

Finite element

analysis value

of compressive

stress (MPa)

Test value of

compressive

stress (MPa)

Relative

error (%)

20 0.052 0.00031 0.00000 100

25 0.055 0.00055 0.00051 7.3

30 0.059 0.00098 0.00051 48.1

35 0.063 0.00168 0.00204 17.6

40 0.068 0.00289 0.00459 37.0

45 0.074 0.00505 0.00713 29.1

50 0.082 0.00947 0.01274 25.7

55 0.091 0.01766 0.02242 21.2

60 0.103 0.03453 0.03720 7.2

65 0.117 0.07234 0.06318 14.5
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Analysis of the impact of moisture regain
on the compression process of the cotton
fiber assembly

The moisture absorption of cotton fibers is a relatively
complex physical and chemical phenomenon. On the
one hand, the hydrophilic groups of cotton fibers and
the surface pores and crevices have the ability to
absorb water molecules. On the other hand, external
air pressure, temperature, relative humidity, and so
on will affect the moisture absorption performance
of cotton fibers. The moisture absorption affects the
physical and chemical properties of cotton fiber,and
further affects the quality of cotton fiber during proces-
sing. The moisture content of the cotton fiber assembly
is expressed by moisture regain, which is defined as the
ratio of moisture weight to dry weight in the fiber, as
shown in equation (10):

w ¼
G� G0

G0
ð10Þ

where G is the wet weight of the sample and G0 is the
dry weight.

Measurement of compressive modulus of the cotton
fiber assembly at different moisture regain

We analyze the influence of different moisture regain of
the cotton fiber assembly on compression behavior. The
moisture regains are 4.2%, 6.6%, 8.8%, 10.7%, 14.1%,
and 20.4%. The method for controlling the moisture
regain of samples in the test is as follows: An appropri-
ate amount of raw cotton is placed in the oven, dried to
a constant weight, and then part of the dried raw cotton
is weighed and recorded as dry weight, which is placed
in the temperature and humidity chamber to humidify
the sample; the weight of the sample after humidifica-
tion is obtained and recorded as wet weight, and the
moisture regain of the sample is calculated according to
equation (10).

We conduct compression tests of cotton fiber assem-
bly samples with different moisture regains,then the
obtained test data are used to fit equation (8) is fitted.
The relationship curve between the compressive stress
and the relative density of the cotton fiber assembly at
different moisture regain is shown in Figure 10, and the
corresponding fitting equation is shown in Table 5. The
coefficient of determination is 0.9960, 0.9974, 0.9612,
0.9942, 0.9915, and 0.9775, respectively. The fitting
effect is good.

Combined with equation (3), the relation between
the compressive modulus and the relative density of
the cotton fiber assembly at different moisture regains
can be obtained, as shown in Figure 11.

Finite element simulation of the compression
process of the cotton fiber assembly at
different moisture regains

Combined with the compressive modulus measured
above, setting the loading speed of 100mm/min and
initial relative density of 0.041 of the cotton fiber
assembly, we repeat the finite element simulation pro-
cess. When the relative density of the cotton fiber
assembly is 0.103 and 0.117, the relation between com-
pressive stress and moisture regain is shown in
Figure 12, Table 6, and Table 7.

It can be seen from Figure 12 that the moisture
regain of the cotton fiber assembly has a great influence
on the compressive stress. If the moisture regain of the
cotton fiber assembly is too low or too high, the com-
pressive stress will increase. Therefore, controlling the
moisture regain to an appropriate value can reduce the
compressive stress of the cotton fiber assembly. While
the moisture regain is about 8.8–10.7%, the compres-
sive stress is relatively small. The simulation result
curve is similar to the test data curve.

It can be seen from Table 6 that when the relative
density is 0.103, the minimum compressive stress of the
cotton fiber assembly is about 0.02MPa at different
moisture regains, and the maximum value is about
0.05MPa. The minimum value of the relative error
between simulation results and test data is 3.8%, and
the maximum value is 15.3%. It can be seen from
Table 7 that when the relative density is 0.117, the min-
imum compressive stress of the cotton fiber assembly is
about 0.04MPa at different moisture regains, and the
maximum value is about 0.1MPa. The minimum value
of relative error between simulation results and test
data is 2.5%, and the maximum value is 12.7%.

After the cotton fiber assembly is compressed and
baled, the contact points between cotton fibers are
prone to indentation, and the cotton fiber cell wall is
even deformed under high pressure. This deformation
behavior has an impact on the breaking strength, wea-
vability, and yarn quality of cotton fibers. At the same
time, the stability of the cotton bale is poor under the
action of high stress. Therefore, it is advantageous to
reduce the compressive stress of the cotton bale as
much as possible.

The moisture content of a cotton fiber has an influ-
ence on its properties. If the moisture content of a
cotton fiber is too high, it is prone to production
of mildew and discoloration, reduced grade of cotton,
and it is more likely that impurities will be produced
in the process of cotton ginning, increasing the diffi-
culty of spinning. If the moisture content of cotton
fiber is too low, the strength of the fiber is
reduced and it is easy to form short fibers in the process
of cotton ginning, meaning reduced strength of the
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yarn. At present, the conventional moisture regain of
cotton fiber stipulated by China’s national standard is
8.5%.24

The finite element analysis result shows that when
the moisture regain is 8.8–10.7%, the compressive stress
is low in the compression process. However, a moisture
regain of 10.7% is high, which may affect the grade
performance of the cotton fiber. Therefore, for the

compression baling process, it is appropriate to control
the moisture regain to be about 8.8% in practice. At
present, the conventional moisture regain of cotton
fiber is 8.5% in practice. The conventional value is
selected for convenience, according to the moisture
absorption capacity of the fiber. The regulation of con-
ventional moisture regain is usually based on the actual
situation, rather than the compression process.

Figure 10. The fitting curves between compressive stress and relative density of the cotton fiber assembly: (a) 4.2% moisture regain;

(b) 6.6% moisture regain; (c) 8.8% moisture regain;(d) 10.7% moisture regain;(e) 14.1% moisture regain;(f) 20.4% moisture regain.
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In comparison, the moisture regain of the simulation
analysis is very close to the conventional moisture
regain. Therefore, the analysis result is in accordance
with the existing experience.

Figure 12. Curves of the relation between compressive stress and moisture regain: (a) the relative density is 0.103; (b) the relative

density is 0.117.

Figure 11. Curves of compressive modulus and relative density

of the cotton fiber assembly at different moisture regains.

Table 5. The fitting equations between compressive stress and

relative density of the cotton fiber assembly at different moisture

regain

Moisture

regain (%) Fitting equation

Coefficient of

determination R2

4.2 P ¼ 515:469 �
�0

� �4

þ 0:000403 0.9960

6.6 P ¼ 353:838 �
�0

� �4

þ 0:00258 0.9974

8.8 P ¼ 235:178 �
�0

� �4

þ 0:00305 0.9612

10.7 P ¼ 221:05 �
�0

� �4

þ 0:00123 0.9942

14.1 P ¼ 292:002 �
�0

� �4

þ 0:00205 0.9915

20.4 P ¼ 314:289 �
�0

� �4

þ 0:00358 0.9775

Table 7. The relationship between compressive stress and

moisture regain when relative density is 0.117

Moisture

regain (%)

Finite element

analysis value

of compressive

stress (MPa)

Test value

of compressive

stress (MPa)

Relative

error (%)

4.2 0.1054 0.0938 11.0

6.6 0.0723 0.0632 12.7

8.8 0.0481 0.0469 2.5

10.7 0.0452 0.0408 9.8

14.1 0.0597 0.0535 10.4

20.4 0.0643 0.0566 12.0

Table 6. The relationship between compressive stress and

moisture regain when relative density is 0.103

Moisture

regain (%)

Finite element

analysis value

of compressive

stress (MPa)

Test value

of compressive

stress (MPa)

Relative

error (%)

4.2 0.0503 0.0586 14.2

6.6 0.0345 0.0372 7.2

8.8 0.0229 0.0219 4.5

10.7 0.0216 0.0224 3.8

14.1 0.0285 0.0336 15.3

20.4 0.0307 0.0341 10.2
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Conclusion

From the above analysis, the following conclusions can
be drawn:

1. A tetrakaidecahedral porous cotton fiber assembly
model is presented. Based on the model, the com-
pressive stress condition of the cotton fiber assembly
is successfully simulated by the finite element
method. The analysis result is consistent with the
test data, which verifies the validity of the model.

2. The impact of different moisture regain on the com-
pression process is analyzed. The analysis result
shows that the compressive stress is the least when
the moisture regain is 8.8%. Small compressive
stress is beneficial to the compression process and
the stability of cotton bales. The result provides a
certain reference value for the cotton baling process.

3. In this paper, the compression property of the cotton
fiber assembly is analyzed from a macroscopic per-
spective, and some simplifying assumptions are
made. Therefore, it is inevitable that there are certain
limitations, mainly reflected in the way the model
does not well explain the deformation behavior of
internal fibers, but only explains the macroscopic
mechanical properties of the cotton fiber assembly.
However, the deformation behavior of the internal
fibers has an effect on the macroscopic mechanical
properties, which is worthy of further research.
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