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process parameters on needle
punched nonwovens investigated using image
analysis

Bin Yu,a Xiaoming Zhao,*a Yuening Zenga and Dongyue Qib

The influence of process parameters including punch frequency, needle penetration depth and punch

times on the fiber distribution and straight segment fiber length of needle punched nonwovens was

investigated using the Hough transform method. The results show that punch frequency and punch

times have more significant influence on the samples than needle penetration depth. When combining

the experimental results with image analysis, the optimum process parameters to prepare needle

punched nonwovens based on preoxidized polyacrylonitrile were obtained.
Introduction

Nonwovens are polymer-based engineered textiles manufactured
from a set of randomly distributed bers consolidated together
by thermal, mechanical or chemical techniques. Simple entan-
glement of bers is also possible through mechanical puncture
with steel or water needles.1–3 Owing to their excellent properties,
such as high porosity and low cost, nonwovens and their
composites with other materials can be used for a range of
applications, including geotextiles for soil reinforcement,
medical applications, ltration, and in the automobile and
aerospace industries.4–6 It is generally known that the properties
of nonwovens mainly depend on the properties of the individual
bers and the microstructure of the fabrics. In the past two
decades many researchers have investigated the microstructure
of nonwovens, including the arrangement of bers and ber
entanglement, based on image analysis.7,8

The arrangement of bers in nonwovens is represented by
the orientation distribution function (ODF). The ODF is
a histogram dening the angle of bers with respect to a refer-
ence direction. This is a signicant parameter for nonwovens
because it affects the property distribution of nonwoven mate-
rials, such as permeability and absorbance of liquids, especially
the anisotropic mechanical properties. For example, if there are
more bers oriented in a particular direction, the nonwoven will
be stronger in that direction.9 Various methods have been
developed to estimate ber orientation distribution in nonwo-
vens, such as direct tracking, ow eld analysis, Fourier trans-
form (FT) and Hough transform (HT) techniques.10–14 Of these
methods, FT and HT are the most widely used to compute the
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ODF via the nonwoven images. An image of a nonwoven
structure contains spatial details in the form of brightness
transitions cycling from light to dark and from dark to light.
The spatial frequencies in a nonwoven image are related to the
ber orientation. FT transforms a gray intensity domain to
a frequency spectrum with appropriate magnitude and phase
values; if the bers are mainly oriented in a given direction in
a nonwoven fabric, the spatial frequencies in that direction will
be low and the spatial frequencies in the perpendicular direc-
tion will be high. We can use this property of the FT to obtain
the ODF of nonwovens.15,16 The brightness of the image and
density of the structure for nonwovens will affect the efficiency
of the FT method. However, the HT method can directly detect
the straight segments of bers, obtaining the information for
their orientation and length, and tolerate gaps at the object
edges. It is reported that when used to obtain the ODF of
spunlance fabrics, the results of HT were more close to the
experimental results than those of FT.17

Polyacrylonitrile (PAN) bers are heated in air atmosphere to
between 180 and 300 �C to form preoxidized polyacrylonitrile
(OPAN) bers, which are the most suitable precursors to
produce excellent carbon bers.18,19 In addition, owing to their
excellent thermostability, OPAN bers are usually used for
nonwovens for various thermal insulation materials and lter
materials. As far as we know, nothing has been reported on the
inuence of process punch parameters on the microstructure of
fabrics through image analysis. In this research, we have
investigated the effect of particular technological parameters on
ODF and ber entanglement of needle punched nonwoven
fabrics based on OPAN bers using the HT method.
Materials and methods

The samples utilized for this study were obtained from Wedo
Technology (Tianjin) Co. Ltd, China. Properties of the OPAN
RSC Adv., 2017, 7, 5183–5188 | 5183
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bers used to produce the samples of nonwovens are listed in
Table 1. Carded webs of about 300 g cm�2 were prepared by
a series of processes: opening, carding and parallel lapping.
Then, the carded batts were needle punched using a needling
machine. Process parameters such as punch frequency, needle
penetration depth and punch times were selected for consid-
eration, and the other parameters were consistent. Parameters
of seven needle punched samples are detailed in Table 2.

The images of needle punched nonwovens were obtained
using scanning electron microscopy (SEM, TM-1000). Tensile
tests were carried out on a universal testing machine (INSTRON
3369) to investigate the breaking strength of the nonwovens.
The sample size was 50 � 200 mm and there were ve of each
sample. The actual length of bers in the nonwovens was also
measured, to assess the damage of bers affected by the needle
punch process. The number of effective specimens in each case
was ve hundred. The ODF and straight segments’ ber lengths
were obtained via the HT method in MATLAB soware.

The HT method is most commonly used to simplify the task
of detecting regular lines such as curves, circles, and ellipses –
especially straight-line segments in binary images.20 The HT is
also widely used for various applications in real life. Combining
HT and the vanishing point, Jiang Guoquan proposes a simple
and effective method to detect rows of wheat at the early growth
stage.21 Mehdi Fatan uses edge detection and classication for
cable lines exploration. The edge points belonging to the cable
lines are retained and later the HT is used for the cable’s
detection.22 Wang Yafei introduced a powerful method using
gradient-based Hough transform to automatically recognize
corrosion pits in microscopic images, making the statistical
analysis of pit size and pit location easier and more efficient.23

In addition, the HT has been shown to be effective for track
initiator techniques and detection of loosened bolts.24,25

In this research, the HT method is used to recognize straight
segments of bers in the nonwoven fabrics. A straight line in
the Cartesian space can be expressed with two parameters in
polar coordinates as r ¼ x cos q + y sin q, where r is the normal
distance from the origin to the line and q is the angle of the
normal line with respect to the x axis. With this method, points
(xi, yi) of a line are transformed into sinusoidal curves r ¼ xi-
cos q + yi sin q in the Hough space, which intersect at one point
(r, q). For a certain range of parameters r and q, each (xi, yi) is
mapped onto the Hough space and the points mapped onto the
locations (rm, qm) are accumulated in the 2D histogram.
Therefore, the local peaks in the Hough space are considered to
be straight-line segments in the original image space.8,26

The ber detection algorithm in the MATLAB soware that
we used is summarized in Fig. 1. Before beginning the process,
the original SEM image was divided into four subdomains to
Table 1 Properties of the OPAN fibers

Length
(mm)

Linear density
(dtex) Diameter (mm)

51.00 1.66 12.40

5184 | RSC Adv., 2017, 7, 5183–5188
decrease the inuence of local brightness and increase distin-
guishability of individual bers.17 Each subdomain processed
followed Fig. 1 according to its own noise and brightness, and
then the results of all four subdomains were combined to give
the nal result of the complete image.

An image including eleven articial black lines with random
orientation is used to verify the image analysis algorithm
(Fig. 2a). In the image there are green lines drawn on the black
ones by the code indicating their detection, and their two ends
are marked by a red and yellow “x” respectively. The distance
between the coordinates of two end points of a line is named the
line length. The ODF and length of lines in Fig. 2a are given in
Fig. 2b and c respectively. In Fig. 2b, the frequency of lines for
an angle refers to the ratio of the amount of lines aligned along
the direction with an angle from the respective range to the total
amount of lines. In Fig. 2c, length index is employed, as the
values on the horizontal axis do not show the actual line length
but are proportional to the line length.
Needle punched nonwovens based on OPAN bers

Needle punching is a purely mechanical bonding method used
for nonwoven production. When the carded web is fed into the
machine, the barbed needles impact the web and penetrate into
its inner planes, resulting in the bers captured by the barbs
moving from the horizontal plane to the vertical plane, even the
bottom surface. Aer the needles return, the displaced bers
remain displaced, forming ber bundles, leading to the
mechanical entanglement of bers in the web. Meanwhile, the
movement of bers always causes a change of ber orientation
and ber damage for the nonwovens.27,28

Fig. 3 shows SEM images of samples A1 and A3, which have
different punch frequencies. We can see from the gure that the
needle punched nonwovens consist of interconnecting OPAN
bers forming a porous network structure. Because the
nonwovens are formed from a parallel lapping web, the bers
distribute mainly along the approximate machine direction, i.e.
90�. However, compared to A3, there are more bers distributed
along the machine direction in A1. This is because the higher
punch frequency leads to more impacts per unit area, which
means more bers take part in migration and change their
orientations. Due to the low ber breaking strength, more
impacts mean more damage to the OPAN bers. Although A3
has more entanglement points per unit area, the breaking
strength in themachine direction (MD) and cross direction (CD)
of A3 is 0.43 MPa and 0.13 MPa, which is much less than
0.68 MPa and 0.25 MPa for A1 (Table 2). We also observed that
there is some ber breakage in A3, which can explain the above
phenomenon.
Breaking strength
(cN dtex�1)

Elongation
(%)

Crimp frequency
(crimp per cm)

1.53 18.29 1.40

This journal is © The Royal Society of Chemistry 2017
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Table 2 Parameters of the controlled samples

Samples A1 A2 A3 B1 B2 C1 C2

Punch frequency (strokes per min) 100 240 380 240 240 240 240
Needle penetration depth (mm) 9 9 9 6 12 9 9
Punch times 2 2 2 2 2 1 3
Breaking strength in MD (MPa) 0.68 0.88 0.43 0.81 0.68 0.51 0.18
Breaking strength in CD (MPa) 0.25 0.28 0.13 0.30 0.13 0.09 0.06

Fig. 1 Steps of image analysis to detect fibers in nonwovens.

Fig. 3 SEM images of A1 and A3.
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Fiber damage caused by barbed needles is mechanical,
mainly stretching and cutting, resulting in ber weakening and
ber breakage.29 The breaking strength of OPAN ber is 1.53 cN
dtex�1 (Table 1), which is much less than other commonly used
bers for needle punched nonwovens, for example poly-
propylene. Fiber breakage was found to be the main form of
ber damage for the investigated samples, caused by needling.
Fig. 4 shows the distribution of actual ber lengths in the
nonwoven fabrics, for various parameters of needle punching. It
can be seen from Fig. 4a and c that with the increase of punch
frequency and punch times, the length of bers decreases
signicantly. Higher punch frequency and punch times mean
higher punch density, which leads to more bers being stroked
and transformed per unit area, causing more serious ber
damage. In Fig. 4b, comparing to B1, the ber length of A2 has
a little variation, but the ber length of B2 decreases signi-
cantly. Fibers twist around each other, and some of them are
matted by their surrounding bers. Increasing the needle
Fig. 2 Image containing eleven randomly oriented lines (a), their ODF (b
algorithm.

This journal is © The Royal Society of Chemistry 2017
penetration depth enhances the migration distance of bers in
the thickness direction of the fabric, which will increase the
degree of ber damage. On the other hand, when the depth is
), and the distribution of length (c) computed with the image analysis

RSC Adv., 2017, 7, 5183–5188 | 5185
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Fig. 4 Distribution of accurate fiber length: affected by punch frequency (a), needle penetration depth (b) and punch times (c).
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increased to a certain value, the force of the barbs to the bers
will increase signicantly, resulting in more ber breakage. On
consideration of the strength of nonwovens based on OPAN
bers, a punch penetration depth of 9 mm was chosen as the
optimum.
The ODF affected by the process parameters

In this study, SEM images were used to obtain ber information
for the samples. Compared to optical microscopy, SEM has
a high depth of eld even at high magnications, which allows
for a greater area of bers in the viewing area to be focused.30 In
the previous report, the effects of sample magnication,
uniformity of image brightness and shape of the image frame
on image analysis were discussed.8 In order to obtain infor-
mation on the individual bers and more microstructure, an
image magnication of 60� was selected. Also, the image was
divided into four non-overlapped small, square images to
reduce the inuence of uniformity of brightness. The ODF of
samples obtained by the HT method is shown in Fig. 5. In these
gures, 90� and 0� (180�) indicate machine direction and cross-
direction respectively.

The ber ODFs estimated using the HT method for samples
with various punch frequencies are compared in Fig. 5a. The
predominant orientation of the bers is in the MD (90�),
Fig. 5 ODF of samples affected by various parameters: punch frequenc

5186 | RSC Adv., 2017, 7, 5183–5188
because the fabric consists of a parallel-laid web. From A1 to A2
to A3, a decrease in ber distribution in the MD is observed with
an increase in punch frequency. A higher punch frequency
means more bers are transformed by the barbed needle, and
the orientation distribution of thesemigration bers changes in
both the horizontal and vertical directions. With the increase in
the relative number of bers in the other direction and the ber
entanglement, the mechanical anisotropy of the fabric is
improved. However, if the punch frequency is too great then
serious ber damage, and even ber breakage, can occur.
Therefore, optimum punch frequency is important for needle
punched nonwoven fabrics to achieve excellent mechanical
properties.

Fig. 5b shows the ber distribution of samples tested with
varying needle penetration depth. The three solid lines show
a similar tendency; most of the bers are oriented in the MD.
When the punch depth increases from 6 mm to 9 mm and 12
mm, A2 and B2 have a more uniform distribution compared
with B1, but any observed variation is not very prominent.
Increasing the punch penetration depth contributes to ber
migration, because more barbs take part in displacing bers
and the displacement of bers increases. As a result, re-
orientation of bers occurs in the process of ber migration.
However, the number of bers captured by a barb is a certain
y (a), needle penetration depth (b) and punch times (c).

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Distribution of straight segment of fiber length: affected by punch frequency (a), needle penetration depth (b) and punch times (c).
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value. The inuence of punch penetration depth on ber
distribution is limited. On the other hand, extreme punch
penetration depth will permit the barbs to carry the bers to
migrate from the bottom of the fabric and cause ber damage
and even breakage.

The inuence of punch times on the ber distribution
measured with the HT method is shown in Fig. 5c. The ratio of
bers oriented in the MD for A2 and C2 is signicantly
decreased compared to C1. This is because a higher punch
density is obtained with an increase in punch times, which
means more bers have the chance to reorient per unit area of
fabric. However, the variation in the orientation distribution
from C1 to A2 is more signicant than the variation from A2 to
C2. In the process of preparation of A2 from C1, there are fewer
initial ber bundles in C1 and the bers can be reoriented with
less effort. In the process of preparation of C2 based on A2, the
number of bonds between the bers within A2 is more than the
number of entanglement points within C1, which makes ber
migration more difficult. When the punch times exceed
a certain value, there will be holes within the fabric due to
extreme punch density. Therefore, when the other parameters
are xed, the optimum punch time is very important to obtain
the desired fabrics and avoid energy waste.
The effect of the process parameters on the straight ber
length

The mechanics and attrition of the bulk structure are inu-
enced by the entanglement of bers within nonwovens, in the
form of regulating the mechanical interactions between the
bers.31 In the process of entanglement, bers with barbed
needles transferred from the horizontal to the vertical plane,
meanwhile, the bers bend, curl and one part of them remains
in the thickness direction. This results in a reduction in the
straight segment ber length within the horizontal plane,
therefore the straight segment ber length can give an indica-
tion of the ber entanglement. The shorter the most frequent
ber length, the higher the degree of ber entanglement.32

Based on this principle, the inuence of various parameters on
ber entanglement within needle punched nonwovens was
evaluated using image analysis by the HT method.
This journal is © The Royal Society of Chemistry 2017
The distribution of the straight segment ber length within
samples with various process parameters, obtained from the HT
method, is shown in Fig. 6. In this gure, a ber length index is
employed, as the values on the horizontal axis do not show the
actual ber length but are proportional to the ber length.
Fig. 6a shows the straight segment ber lengths of samples with
different punch frequencies. The straight segment ber lengths
corresponding to the maximum ratio for A1, A2 and A3 are 240–
270, 180–210 and 120–150 respectively. On the whole, with
increasing punch frequency, the straight segment ber length
decreases. While keeping other parameters constant, a higher
punch frequency results in the formation of more ber bundles
per unit area, and therefore more bers taking part in migration
remain in the thickness direction. As a result, the degree of ber
entanglement increases, and the strength of the fabric is
improved. However, higher punch frequency adversely affects
the structure of the web, which results in serious damage to the
bers (as shown in Fig. 3a) and weakens the strength of the
fabrics. As listed in Table 2, in order to obtain excellent tensile
properties, an optimum punch frequency of 240 strokes per min
was selected.

Fig. 6b shows the inuence of needle penetration depth on
the straight segment ber distribution. We found that the
values of length corresponding to themaximum ratio for B1 and
B2 are both in the range from 150 to 210, however, the value of
short straight segment ber length increases slightly from B1 to
A2 to B2. Increasing the needle penetration depth enhances the
migration distance of bers in the thickness direction of the
fabric, which decreases the straight segment ber length.
However, the bers carried in the horizontal plane by a barbed
needle are limited without signicant variation as the punch
penetration depth increases. At the same time, the bers
recognized by the HTmethod aremostly in the plane of the web.
Therefore, the distribution of straight segment ber length with
different punch penetration depths, assessed by the HT
method, has only a slight variation.

The inuence of punch times on the distribution of straight
segment ber length is shown in Fig. 6c. As the length distri-
bution for these bers veries, the straight segment length of
the bers decreases signicantly from C1 to A2 to C2, as indi-
cated by the length index. It can be concluded that increasing
RSC Adv., 2017, 7, 5183–5188 | 5187
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the punch times of the fabric decreases the length of the ber
straight segments or enhances the entanglement of bers
within the web.With increasing punch times, the punch density
increases and more bers transform from the horizontal to the
vertical plane. These bers bend, curl and one part of them
remains in the thickness direction, which enhances the ber
entanglement and decreases the straight segment ber length
within the horizontal plane of the web. When combining the
inuence of ber entanglement and ber damage, the breaking
strength of the fabric increases from C1 to A2 and reduces from
A2 to C2 as listed in Table 2. Therefore, a punch time of 2 is the
appropriate option here.
Conclusions

Image analysis by Hough transform was used to investigate the
arrangement of bers within needle punched nonwovens,
based on preoxidized polyacrylonitrile, prepared using various
process parameters. The ber orientation distribution and
straight segment ber length as affected by punch frequency,
needle penetration depth and punch times were evaluated.
With an increase in punch frequency and punch times, the
quantity of bers oriented in the MD decreases signicantly,
and the inuence of needle penetration depth on ber orien-
tation distribution was limited. These parameters have the
same inuence on the straight segment ber length; the length
decreases with an increase in these parameters.

The breaking strength of nonwoven fabrics and actual ber
length within the fabrics were measured using ordinary exper-
iments. Combining the results of experimental and image
analyses, optimum process parameters were obtained: punch
frequency of 240 strokes per min, needle penetration depth of 9
mm and punch times of 2. Although there are some de-
ciencies, for example the ber orientation distribution in the
thickness direction has not been investigated, this study is
helpful to understand the inuence of processing on the
microstructure of nonwovens and to select optimum parame-
ters for preparation of the fabrics.
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