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Abstract. We describe an optoelectronic setup designed to evaluate the
surface parameters of fabrics that influence their tactile feel. The devel-
oped texturometer uses the periodic structure of a textile material and its
ability to reflect light to evaluate its surface properties through its polari-
metric properties. The device scans the surface with a laser line and
performs a temporal Fourier analysis of the reflected light, which allows
us to consider the periodical structure of the material’s surface. Instead
of using the overall reflected energy, the analysis is performed on the
degree of polarization of light. Results obtained with this new texturom-
eter are compared to those obtained with a nonpolarimetric device that
uses overall reflected energy. Emerized and nonemerized twill fabrics
are tested, as well as spun-bonded nonwovens. We show that discrimi-
nation between samples is enhanced with this polarimetric texturometer.
For emerized fabrics, the results exhibit a decrease in depolarization as
emerizing intensity increases. For nonwovens, a complementary study in
polarimetric imaging has been performed to better understand the phe-
nomena. Nonwoven thermobonded points exhibit lower depolarization of
the lightwave than the rest of the structure. Moreover, their depolariza-
tion differentiates the tested nonwovens. © 2007 Society of Photo-Optical Instru-
mentation Engineers. #DOI: 10.1117/1.2771122$

Subject terms: non-contact; roughness; polarization; Fourier analysis; textile
fabrics; nonwovens; texture; hairiness.
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1 Introduction
One of the most important parameters when a consumer
buys a product has proven to be its tactile feel. This notion
is essential for a textile material. The authors made several
studies in order to understand and evaluate the mechanisms
involved in tactile feel.1,2 This evaluation is usually per-
formed by trained people as a measuring device, but the
aim of this study was to perform it in an objective way with
physical measurements.

Tactile feel depends on several characteristics: compres-
sion, friction, bending, tensile, shear, and thermal behav-
iors. The subject of this paper is the texture characterization
linked to roughness structure and superficial hairiness. In
fact, hairiness makes the characterization of fabric texture
very specific. Some devices allow the user to determine the
profile of the textile surface in order to calculate its rough-
ness parameters. This profile can be determined by laser
triangulation methods through a point or a line,3–5 by study-
ing the light reflection of a laser point,6,7 by confocal

microscopy,8 or by interferometric methods.9 For fabrics,
these methods are not very efficient in differentiating hairi-
ness from roughness. Other methods use image processing
techniques to determine textile surface periodic structure
and surface state modifications. These methods use Fourier
transform10–15 or wavelet transform16–21 to determine peri-
odical structures. Moreover, some filters can be applied to
detect defects or pilling. The disadvantage of image pro-
cessing is due to fabric hairiness. Indeed, in order to detect
hairiness, images must present a sufficient resolution. Also,
a great number of images is necessary for statistical effi-
ciency, hence, the process takes a long time in terms of
image acquisition and processing.

A previous texturometer developed by one of the authors
analyzed the total light reflection of a laser line imaged at
the surface of the tested sample.2 During the test, the laser
probe described a ring on the fabric since the sample was
fixed on a rotating sample carrier, as in a record player. A
simple temporal Fourier transform was applied to the ac-
quired signal and allowed the user to determine periodical
structure elements. The obtained Fourier spectra, calculated0091-3286/2007/$25.00 © 2007 SPIE
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in real time but time-averaged, presented some peaks
whose frequencies corresponded to these periodical struc-
ture elements !periods of the yarns or diagonals for a wo-
ven fabric or arrangement of the calendering points for
spun-bonded nonwovens". It was shown that the surface
state influences the energy of these peaks.

The physical phenomena that occurred during this ex-
periment were not deeply studied, but, some surprising re-
sults were found. An increase of fabric hairiness could have
the opposite effect on reflected light energy depending on
the fabric tested. For some fabrics, hairiness decreased the
reflected light energy,2 and for other fabrics, reflected light
energy increased with an increases hairiness. These results
clearly showed that diffusion, and therefore depolarization,
were involved, so it was decided that the depolarizating
properties of fabrics should be investigated.

Buck et al. considered the reflection of a light beam at
the surface of a fiber and on a plane of parallel fibers.22

They found that the specular component of fabric depended
on its fiber orientation compared to the incidence of the
beam. On the other hand, fiber and incident beam orienta-
tion have been found to influence the Fresnel coefficients of
the fabric surface and the degree of polarization of the re-
flected beam.23 However, the reflection on a surface con-
sists of specular24,25 and diffuse components linked to sur-
face roughness and hairiness. Diffuse components induce
phenomena of depolarization of the light wave. To evaluate
the influence of both specular and diffuse reflections with
textile fabrics, a preliminary study was done.26 Several au-
thors have also used the degree of polarization of light in
order to differentiate materials with the same total reflected
light.27,28 In addition, the degree of polarization has been
used for 3-D object reconstruction.29

To determine the roughness of surfaces, polarization
properties of surface thermal emission also can be
considered.30 The degree of polarization of this emission
has been evaluated.30 It increases with the angle of emis-
sion, but this increase is lower when the surface roughness
is higher. On the hand, the polarization of the reflected
beam on skin allows the influence of skin roughness and
physiological properties to be evaluated.31

This paper describes a polarimetric texturometer for fi-
brous materials. The principle is based on a previous
texturometer2 combined with a polarization phenomena
measurement. Section 2 describes the tested textile samples
and the developed polarimetric devices. Section 3 reports
the results obtained with this study.

2 Description of Apparatus and Samples
2.1 Tested Textile Surfaces
Two different kinds of fibrous materials were tested in this
study: three types of twill woven fabrics and a spun-bonded
nonwoven. In Figs. 1 and 2 and Table 1, the aspect and
characteristics of the twill fabric samples through their
weave !yarn interlacement" and their dimensional proper-
ties are presented. The first !S1" and third !S3" twill woven
fabrics, made of cotton fibers, are usually used for pairs of
jeans. The second twill fabric !S2", mainly composed of
polyester filaments, is used to make women’s summer
pants.

To compare different surface states from the same textile

Fig. 1 Presentation of the tested twill fabrics: example of interlace-
ment diagram and interesting structure elements.

Fig. 2 Photographs of the tested twill fabrics.
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material, the twill samples were emerized. The emerizing
process consists of a controlled abrasive wear in which the
objective is to improve fabric touch to “peach skin touch,”
which is a common finishing process. The differences be-
tween emerizers S1-EP800 and EP80 are the size and the
quantity of the abrasive particles of their emery paper. The
P800 emery had 800 grains per mm2 with a 21.8-!m mean
diameter. The second sample was emerized using a P80
paper with about 80 particles per mm2, whose size was
201-!m mean diameter. The process with the P80 emery
was more aggressive than with the P800 emery. An emer-
ized form of the second twill fabric was also used. It was
made with a paper constituted of about 240 grains per mm2

whose diameter was 58.5 !m. Both were laboratory emer-
ized to precisely control the process. The emerized form of
the third sample was industrially obtained, so the process
adjustments for this emerized fabric were not known.

A spun-bonded nonwoven for medical use was also
studied. Two samples were available; one was defined by
the manufacturers as “not in conformity” in terms of soft-
ness compared to the second one !Fig. 3". The cohesion of
this filament web was obtained by thermobonding.

2.2 Polarization Basis and Notations

A lightwave is defined as an electromagnetic wave whose
polarimetric characteristics can be completely represented
by its Stokes vector:

S! = #S0

S1

S2

S3

$ = #Ip + Is

Ip − Is

I+45 − I−45

Ir − Il

$ , !1"

where Ip is the linearly polarized component along
horizontal axis,

Is is the linearly polarized component along
vertical axis,

I+45 is the linearly polarized component at
45°,

I−45 is the linearly polarized component at
−45°,

Ir is the right circularly polarized component,
and

Il is the left circularly polarized component.

The degree of polarization of such a light beam is defined
as

P =
Ipol

Itot
=

%S1
2 + S2

2 + S3
2

S0
, !2"

where S0 corresponds to the total light intensity of the light-
wave, and the other components correspond to the polar-
ized parts:

When P=1, the wave is totally polarized.
When P=0, the wave is totally nonpolar-

ized.
If 0" P"1, P represents the amount of

beam polarization.

2.3 Preliminary Imaging Setup

A first imaging assembly was made to calculate the Stokes
vector of the wave reflected by each fabric sample. The
sample was illuminated by a linearly polarized laser beam,
and the Stokes parameters were evaluated by rotating a
polarizer and/or quarter-wave plate. But the problem of par-
allelism between the two sides of the polarizer plate caused
a shift between pixels of images obtained by rotation of this
polarizer. Therefore, the measurement principle of Terrier
was used.32 From image acquisitions by the optical device
shown in Fig. 4 with different angular positions of the
quarter-wave plate L3, the Stokes parameters of the light
wave reflected by the sample were determined according to

Table 1 Structural characteristics of tested twill fabrics.

Notation Surface State Material Number of Elements
/cm

S1 NE
E-P80
E-P800

100% cotton 28 warp yarns/cm
17 weft yarns/cm
8.5 diagonals/cm

S2 NE
E

4% elastane
96% polyester

44 warp yarns/cm
37 weft yarns/cm
21 diagonals/cm

S3 NE
E

100% cotton 29 warp yarns/cm
19 weft yarns/cm
11 diagonals/cm

Fig. 3 Diagram of the spun-bonded nonwovens.
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I!#" =
1
2

&S0 + S1 cos2 2# + S2 sin 2# cos 2# − S3 sin 2#' , !3"

where # is the angular position of L3 relative to the
incident polarization,

Si are components of the Stokes vector of the
beam,

and
I is the light intensity of the beam.

This preliminary system for polarimetric imaging al-
lowed us to evaluate the polarization properties of the re-
flected laser beam at the sample surface. In this study, with
our textile samples in normal incidence, we showed with a
linearly polarized beam that only phenomena of depolariza-
tion occurred, i.e., only the first two elements of the Stokes
vector were nonzero. Thus, it was possible to realize a sim-
plification common in optics by assuming that since S2
(S3(0 !no rotation and no circularization of the polariza-
tion occur", the degree of polarization of the wave from the
components Ip and I90 could be calculated. In this case, the
incident probe was polarized along the horizontal axis; Ip,
relative to the horizontal polarization, was renamed I), and
Is was then Icross. Thus, the Stokes vector can be expressed
as

S! = #S0

S1

S2

S3

$ = # Ip + Is

Ip − Is

I+45 − I−45

Ir − Il

$ = #I) + Icross

I) − Icross

0

0
$ , !4"

and the degree of polarization comes down to

P =
Ipol

Itot
=

%S1
2

S0
=

*S1*
S0

=
*I) − Icross*
I) + Icross

. !5"

Therefore, in this case, the polarization of the reflected
beam is totally defined by the two crossed linear polariza-
tion components I) and Icross. It is sufficient to register both
signals in order to totally characterize the lightwave.

2.4 Polarimetric Texturometer
Out optical device used the measurement principle !Fig. 5"
presented by Bueno et al.2 The sample was clamped on a
rotating sample carrier as in a record player. A laser beam
projected by a 650-nm laser diode onto the sample was
focused as a line at the surface by passing through a cylin-
drical lens. The laser line was radial to the rotating sample
carrier. A beamsplitter plate sent the reflected beam to the
photodiode. The length of the laser line was adjusted to
8 .10−3 m. Several sample carriers were available to test
textile fabrics whose sizes varied from 10 to 20.10−2 m
diameter. The laser line was focused and aligned with the
center of the rotation of the sample carrier in order to be
radial, so during the rotation of the sample carrier, it
scanned the textile surface following a ring.

For the tests presented in this paper, the diameter of the
ring was about 10.10−2 m and the rotation speed was ad-
justed to 0.25 rps. In this original device, the total reflected
beam was concentrated onto a photodiode.

In order to simultaneously acquire I) and Icross, which
was sufficient in our case to define the degree of polariza-
tion of the reflected beam, a second measurement arm was
added to the optical device. A beamsplitter cube separated
the lightwave reflected by the sample into the two measure-
ment arms. On the optical path of the first arm, a polarizer
was inserted whose main direction was parallel to the po-
larization direction of the incident beam, i.e., parallel to the
laser line. In the same way, a polarizer crossed to this di-
rection was inserted in the optical path of the second arm.
The two signals were acquired simultaneously, and the de-
gree of polarization was hardware calculated from these
components according to Eq. !5".

The variations of light intensity during measurement de-
pended on the structure of the textile surface. For example,
in the case of the twill woven structure, while the laser line
described the ring, it was sometimes parallel or quasi-
parallel to the diagonals described by the yarn interlace-
ments. Intensity variations of the beam received by the pho-
todiode corresponded to this alteration. The frequency of
these phenomena can be evaluated with an appropriate

Fig. 4 Diagram of the optical system used for the polarimetric im-
aging study.

Fig. 5 Diagram of the optical system of the polarimetric
texturometer.
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signal-processing technique as shown in Fig. 6. This signal-
processing technique uses the periodicity of the textile sur-
face; it can be a structural periodicity !fabric" or the result
of thermobonding patterns !nonwovens". When the linearly
polarized laser line describes and lights the surface, the
linearly polarized reflected light components acquired by
the two photodiodes change. The received signal in each
arm is directly linked to the intensity variation of the re-
flected beam for both polarization directions, parallel and
crossed to the incident polarization. The corresponding sig-
nals are sent to a spectral analyzer, which calculates in real
time the associated degree of polarization. The Fourier
transform of this type of signal is

X!f" = +
k=−$

k=+$

x!k" exp!− j % 2&fk" , !6"

where x!k" is the temporal signal,
and

X!f" is the Fourier transform of the signal
x!k".

This study considers the power spectral density !PSD" of
the signal:

PSD!f" = *X!f"*2. !7"

The graphs we obtained exhibit peaks whose frequencies
correspond to the periodical structure patterns of the
samples !Fig. 7". But the energies of these peaks strongly
depend on the surface state.

The theoretical formulas that give the structure frequen-
cies are:

P = &' , !8"

where P is the average perimeter of rotation
!10−3 m", and

' is the average ring diameter measured in
the middle of the laser line !10−3 m";

V = Pfr, !9"

where V is the linear speed of the laser beam
!10−3 m·s−1", and

fr is the rotation speed of the laser line !rps";
and

Fig. 6 Example of the temporal intensity signal received by the photodiode in the top plot, and its
associated Fourier transform in the bottom plot.

Fig. 7 Example of spectra obtained with our tested fabric.
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F = Vn , !10"

where F is the frequency of the element !Hz", and
n is the number of structure elements by unit

of length !10−3 m−1".

Therefore,

F = &'frn . !11"

It is also possible to determine the peak width compared
with the laser line length:

(F = &frn!'max − 'min" . !12"

For instance, for a twill woven fabric, the interlacement of
warp and weft yarns define diagonals !Table 1". Diagonals
give the structure frequency in the Fourier spectrum !Fig.
1". With the spun-bonded nonwoven, the frequencies are
defined by the distances between the thermobonding points
in the two main directions. This pattern and its parameters
are shown in Fig. 3.

In the polarimetric texturometer, the degree of polariza-
tion is treated as an input signal: actually, signal from both
arms are acquired simultaneously and the analyzer per-
forms analysis on the resulting degree of polarization.
Through the Fourier transform, this measurement principle
takes the periodical structure and the hairiness of the sur-
face into account.

3 Results and Discussion
3.1 Results
Results for twill woven fabrics are presented in Fig. 8, from
both nonpolarimetric and polarimetric texturometers. The
bar charts represent the energy of the diagonal peak of the
autospectra for fabrics before and after the emerizing pro-
cess. It is interesting to note that all results obtained with
emerized samples present the lowest energy for the mea-
surement done with the polarimetric texturometer. There-
fore, the effect of hairiness is the same by considering the
degree of polarization. In contrast, with the nonpolarimetric
texturometer the peak energy increases with the emerizing
intensity for the twill woven fabric S1, and decreases for S2
and S3.

We can also note that the discrimination is better by
considering the degree of polarization. In fact, the ratio
between the energies of the peaks obtained for the same
sample with different surface states is higher, as specified in
Figs. 8 and 9. For instance, ratios obtained with S1 go
between the nonemerized form and P800 emerizing from
1.32 to 2.50, and between P800 and P80 emerizing from
1.24 to 2.04. Results obtained by testing nonwovens with
the polarimetric texturometer also present a better discrimi-
nation between “in conformity” and “not in conformity”
samples !Fig. 9". Nevertheless, energy is higher for both
structure peaks for the “not in conformity” nonwoven using
the nonpolarimetric device, contrary to results obtained
with the polarimetric texturometer, which do not present
the same tendency for peak 1 and peak 2.

Because of these differences, a complementary polari-
metric imaging study was done on nonwovens.26 It showed
that the degree of polarization of the beam reflected by the

sample was higher for the bonded point than the other areas
of the surface. This trend was also confirmed by consider-
ing the sum column gray levels of a basic stripe !Fig. 10". It
shows that the discrimination between both nonwoven

Fig. 8 Bar charts of energy peaks obtained from twill fabric samples
with ratio values in !a" S1, !b" S2, and !c" S3.
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samples in terms of softness conformity comes from
bonded points: the depolarization is lower for the bonded
points.

As shown by the standard deviation of the measure in
Figs. 8 and 9, repeat tests of the nonpolarimetric and pola-
rimetric methods are quite similar.

3.2 Discussion
Results obtained for twill woven fabrics with the polarimet-
ric texturometer allow a better discrimination up to a 1:1.89
ratio and prove that hairiness has increased depolarization
at the surface of the samples. This phenomenon is due to
random fiber orientation induced at the surface. When the
diffuse component increases, the consequence is a decrease
of the frequency peak energy since the emerizing intensity
increases. With the nonpolarimetric device, for the different
twill woven fabrics the emerizing the intensity does not
always have the same effect on the structure peak energy.
In fact, this device evaluates the diagonal profile, i.e.,
height and hairiness variations. The profile changes after
the emerizing process according to the emery paper used
and the fabric’s characteristics. The peak energy can evolve
with the emerizing intensity relative to the fabrics.

The study of the nonwovens allows a better discrimina-
tion up to a 1:1.86 ratio between samples, with measures
performed on the degree of polarization of the reflected
beam !Fig. 9". In fact, the degree of polarization highlights
the differences between bonded points and the other areas
of the surface. The polarimetric imaging study, and particu-
larly the mean of the gray level in each column of a basic
stripe, allow us to understand this phenomenon. With the
polarimetric device, the inversion of the energy classifica-
tion between both of the nonwoven structure peaks can be
explained by the orientation of polarization of the incident
beam compared to the main fiber orientation and structure
direction !Fig. 10". In the present configuration, the polar-
ization axis of the incident beam is parallel to the laser line.
For peak 1, at each quarter-turn the laser line makes an
angle of 45 deg relative to the main fibrous direction !Fig.
11". And at each quarter-turn, the laser line is aligned with
the structure element of peak 2. Therefore, sometimes the
laser line, and thus the polarization axis, is parallel to the
main fibrous direction, and sometimes it is perpendicular.
We suppose that for peak 1, the energy is the same for each
quarter-turn of the sample, but with peak 2, the energy is
not equal because the polarimetric axis changes relative to

Fig. 9 Bar charts of energy peaks obtained from nonwoven samples with ratio values for !a" the first
structural peak, and !b" the second structural peak.
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the main fibre orientation. These results show that it is pos-
sible to obtain information about the filament orientation in
the structure.

This study shows the polarimetric properties of the non-
wovens, particularly of the bonded points. Differences be-
tween the samples are due to a problem in the calendering
process through higher temperature or pressure. In fact, the
more intensive the calendering process is, the more reflec-
tive are the spun-bonded points.

4 Conclusion
This paper shows that a modification of the surface state of
fabrics, woven or nonwoven, can be characterized by tak-

ing polarimetric properties of these surfaces into account.
However, the degree of polarization is a pertinent charac-
teristic of both fabric roughness and hairiness, and of ther-
mobonding in nonwovens.

The principle of the measurement method presented
consists in projecting a laser beam onto the fabric surface
and studying the degree of polarization of the reflected
beam. This signal is then processed with Fourier analysis.
The PSD presents several frequency peaks due to fabric
periodic structure. The energy of these peaks depends on
the fabric surface state.

Two kinds of fabrics have been tested: woven fabrics
processed with different emerizing intensities, and nonwov-
ens considered to be in conformity or not in conformity in
terms of softness.

The depolarization of the reflected beam is enhanced
with fabric hairiness. Therefore, it is easier to discriminate
the same fibrous material with different surface states.
Moreover, by considering polarization phenomena, hairi-
ness decreases the degree of polarization measured by the
polarimetric texturometer presented in this paper. In fact,
hairiness increases depolarization due to surface disorder.
For thermobonded nonwovens, the control process in terms
of softness has also been improved by the polarimetric tex-
turometer. In addition, the polarimetric imaging study al-
lows us to understand that the difference between these
nonwovens comes from the thermobonded areas, i.e., from
the calendering process, probably due to changes in tem-
perature and/or pressure conditions. However, from some
results obtained with nonwovens, we might obtain informa-
tion about the filament orientation in the structure.
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