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Fiber cross sections for use in textiles and composites are becoming more and more
complex. Shape impacts fiber or filaments properties and therefore the yarn and fabric
characteristics. This paper presents the influence of the fiber cross section on the fabric
surface characteristics. The material used was polyester staple fibers, of four different
shapes: round, scalloped oval, cruciform and hexachannel. All fibers had the same cut
length with different fineness. Yarns obtained from these fibers had nominally the same
yarn count, torsion value and structure. Plain jersey fabrics were knitted from each of the
yarns under identical conditions and then relaxed prior to testing. Friction behavior was
evaluated and a roughness-friction criterion developed. An indirect measurement of the
real area of contact was obtained in order to provide roughness and friction properties. The
influence of fiber cross section on yarn bending rigidity and on the state of the knitted
fabric surface was characterized. C© 2004 Kluwer Academic Publishers

1. Introduction
Today, round fiber cross section is the most common
shape manufactured by synthetic fiber producers.
Other shapes are beginning to emerge for a variety
of reasons—performance, comfort, pilling propensity,
bulkiness, tactility, processing, etc. [1–3]. In the
present article we will analyze the contribution of the
shape of fiber cross section on fabric surface physical
characteristics.

For a study of this kind, all variables must be kept
constant with the exception of the one parameter whose
influence is being evaluated. Hence, to study the con-
tribution of the fiber cross section on fabric properties
only cross section must vary. Previous investigators in
their analysis of the impact of fiber cross section on fab-
ric parameters have ignored this critical aspect [4, 5].
In fact, while changing cross section other parameters
like fiber fineness [5] or yarn linear density and number
of warp and weft threads per unit length [6] were also
altered. Others have changed the cross section with a
view to imitate natural fiber tactility [3, 7].

There are many critical properties of the fabric
which are impacted by the shape of the fiber cross

section. Bulk, crease recovery, flexural rigidity, abra-
sion resistance, pilling, handle, luster, dyeing are just
a few of the properties which the consumer must
consider in his decision making for the choice of a
garment. No particular cross section has all the de-
sired features for every consumer. One of the most
important advantages to be achieved in the use of
modified cross-section fibers is perhaps in the flexu-
ral rigidity. Varying degrees of fabric softness, drape,
crispness and stiffness are possible with fiber cross
section.

The aim of this paper is to study the influence
of the shape of fiber cross section on the yarn be-
havior and the knitted fabric surface state. All fab-
rics tested were constructed under identical condi-
tions of spinning and knitting. The state of fabric
surface was evaluated by two techniques: a tribolog-
ical one and a measurement of the real contact area
between the fabric and a smooth plate. Both meth-
ods indicate the importance of fiber cross section
on the knit fabric relief. The contribution of fiber
cross section is explained at the fiber, yarn and fabric
scale.
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T ABL E I Fiber characteristics

Mass per unit length in Non-roundness Moment of inertia Tenacity
Fiber set dtex (10−4g·m−1) Cross section factor (κ) ((10−6 m)4) (10−3 N·dtex−1)

Fine 1.58 Round (R) 1.02 1992 28.3
1.75 Scalloped oval (SO) 1.25 1410 21.0
2.04 Cruciform (C) 1.52 4145 15.4

Coarse 3.39 Round (R) 1.02 9285 23.7
4.18 Scalloped oval (SO) 1.27 8043 18.2
4.32 Hexachannel (H) 1.57 8439 12.9

2. Experimental
2.1. Material
Fibers were melt-spun with the same molecular weight
(LRV 9.3) [8] polyester (PET) (Table I). Four different
fiber cross sections, each with varying fineness, i.e.,
mass per unit length were obtained. Two sets, one of
lower fineness (from 1.6 to 2 dtex, where 1 dtex repre-
sents 10−4 g·m−1) of round, scalloped oval and cruci-
form shape and the other of coarse fineness (from 3.4
to 4.3 dtex) of round, scalloped oval and hexachannel
shape (Fig. 1) were manufactured. All had identical

(a) (b)

(c) (d)

Figure 1 Fiber shapes photographs.

manufacturing process conditions except for the spin-
neret; each cross section had a specially designed spin-
neret. The fiber area and perimeter were measured
using a Hardy plate dry technique. These quantities
were measured for five different filaments in the bun-
dle and the average obtained. These values were used to
calculate the “non-roundness” factor κ defined below
(Table I):

κ = Cf

2
√

π S
(1)
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T ABL E I I Yarn characteristics

Yarn mass per unit Yarn torsion
Fiber set Fiber in tex (10−3 g·m−1) (twist per meter)

Fine R 1.58 dtex 35.8 573
SO 1.75 dtex 36.0 576
C 2.04 dtex 36.5 579

Coarse R 3.39 dtex 35.0 593
SO 4.18 dtex 36.4 585
H 4.32 dtex 36.5 569

where, κ , non-roundness factor (dimensionless); Cf,
fiber circumference (m); S, fiber cross-sectional
area (m2).

The value of κ depends only on filament shape, not on
size. The minimum possible value of κ = 1 is achieved
with a round fiber shape. Since there is some fineness
variability in the bundle, the measured κ value for dif-
ferent items of the same shape were not exactly equal
to each other, as they should have been. The value re-
ported in the table is averaged over the various items
with the same cross-section shape.

All fibers have a length of about 40 mm. Yarns were
made using a ring spinning process. They all have the
same structure, yarn count and torsion (Table II). Plain
jersey fabrics were knitted with a loop length of 0.5 cm,
with identical machine settings.

Knitted fabrics are easy to deform hence it is impos-
sible to know their state of deformation. Therefore in
order to test knitted fabric in a reproducible way, fabric
had to be relaxed. After relaxation, the yarn and the fab-
ric are both at a minimum internal energy state. Knitted
fabrics consist of loops in three-dimension conforma-
tion which explains their important property of de-
formability (Fig. 2). The loop characteristics represent
a balance between inter-yarn friction forces and yarn
bending rigidity. For hydrophilic fabrics, like polyester,
relaxation consists of a mechanical process of agitation
in presence of heat. The aim is to impart energy to
the system in order to counter the friction inter-yarn
forces. The process of relaxation ceases when the fric-
tion forces and yarn bending forces are in equilibrium.
Thus, during knitting the fabric is stressed in the wale
direction (axis-y) by the take-down system, while dur-
ing relaxation the fabric retracts in the same direction
(Fig. 3).

Figure 2 Three-dimensional loop shape in a weft knitted fabric.

We can compare two fabrics knitted under identical
conditions; one which has been manufactured with a
flexible yarn, the other with a more rigid yarn. The
yarn bending rigidities are respectively Bf and Br, with
Bf < Br.

After relaxation, two possibilities exist relative to
inter-yarn friction force, Ff and Fr respectively.

When Fr < Ff, the fabric made with the more flexible
yarn will retract but will retain its elongation in the
wale-wise direction. The fabric will also remain more
flattened, i.e., smooth. For fabric made from a rigid
yarn, the result will show a more significant retraction
in the wale direction. Therefore, after full relaxation, the
flexible yarn will give a smoother surface than the rigid
one. In addition, the 3D loop shape of a relaxed fabric
will depend on the tension of the take-down system.
Thus, when the yarn is more flexible and the inter-yarn
friction force is higher, the fabric is more sensitive to
the take-down tension.

When Ff < Fr, retraction after relaxation is similar
for both fabrics and will have similar surface roughness.
Retraction is equally significant for fabrics made with
more flexible yarn. Hence, differences between both
fabrics are less important than the previous case. The
contribution of take-down tension is less important.

2.2. Measurement methods used
Measurement methods have been described in a previ-
ous paper [9]. Here, we will explain them briefly.

2.2.1. Indirect technique to assess
the real contact area

The real contact area has been defined [10] as the con-
tact area between the top of the asperities of two sur-
faces (Fig. 4). Usually, this area is much smaller than
the apparent area of contact. Therefore, the mean pres-
sure is much lower than the real pressure at the contact
points. From that real area of contact, friction properties
and surface roughness can be characterized as follows:

F = A · s (2)

where, F , friction force (N); A, real contact area (m2);
s, frictional shear stress (Pa).

Moreover,

W = Pm · A (3)

where, W , normal load (N); Pm, real pressure (Pa).
When the real contact area between a rough and a

smooth surface is measured, it results in the charac-
terization of surface roughness of the rough surface.
Therefore, in order to define the fabric surface state,
the real contact area between the knitted fabric and a
smooth plate is measured. The smooth plate surface
consists of a polished aluminum surface.

An apparatus was developed to assess the real contact
area by an indirect technique. The method measures
the transient heat conduction in a vacuum. Transient
heat conduction is transfer of thermal energy due to
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Figure 3 Weft-knitted fabric after knitting process and after relaxation.

Figure 4 Contact between two surfaces occurs on the top of the
asperities.

molecular interactions under a non-homogeneous tem-
perature distribution. Heat conduction requires contact
between surfaces. For identical materials increasing the
area of contact increases the conduction phenomenon.
Furthermore, when the real contact area is large, the
material absorbs more energy. The energy absorbed by
the system is proportional to the real area of contact
shown below:

E

�t
= λA

�T

e
(4)

where, E , energy absorbed by the system (J); �t , time
of the measurement (s); λ, thermal conductivity of the
material in the heat flow direction (W·m−1·K−1); A,
real area of contact (m2); �T , difference of temperature
(K ) between the hot plate and the ambient; e, fabric
thickness (m).

For homogeneous materials, Equation 4 indicates
that for a given temperature gradient, energy absorbed
by the system increases with increasing thermal con-
ductivity of the material; the fabric thickness is sup-
posed to be constant. Thus, more a material absorbs
thermal energy during contact by conduction, the su-
perior are its conductive properties with heat flow in
normal direction to the surface.

�ϕ = −λ �∇T (5)

where, the heat flow is in the normal direction to the
surface: �ϕ, heat flow density in normal direction of the
surface (W·m−2); λ, thermal conductivity of the mate-
rial in the heat flow direction (W·m−1·K−1); T , time-
dependent temperature field (K ).

For a fibrous material, the thermal conductivity is a
combination of thermal conductivity of the air and that
of the fiber (weighted respectively by the fraction of the
volume taken up by each component). However, in the
present case, the fabric is in a vacuum. The contribution
of air in the fabric is negligible and the most significant
effect is the conductivity of fibers.

In order to measure the thermal energy absorbed by
a fabric, an apparatus consisting of a guarded hot plate
shown in Fig. 5 was developed. It has a square, thin cen-
tral aluminum test plate (100 mm2-area) surrounded by
a coplanar ring aluminum plate (292 mm2-area). The
central plate and the guard ring are separated by a thin
polystyrene band (2 mm-width). They are heated by two
independent cemented resistances heater wires. The
ring plate is at a temperature of 0.5◦C higher than the
test plate, i.e., 33.5◦C, to avoid lateral heat loss from
the central test plate and prevent any heat transfer from
ring plate to the test plate.

After bringing the test plate and the guard ring plate
to the desired operating temperature, 33 and 33.5◦C,
respectively, it is necessary to wait until equilibrium
is reached between the system and the ambient envi-
ronment. At the equilibrium state, the electrical power
supplied by the resistances remains constant. At this
point, the fabric sample is placed on the surface of
the test plate. There is an instantaneous heat loss by
the plate and a temperature gradient exists through the
fabric. The electrical power as a function of time re-
quired by the system (plate plus sample) to reach 33◦C
again is recorded. Since the guard ring avoids any lat-
eral heat loss, the measurement reflects the vertical heat
flow between the test plate and the sample. The thermal
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Figure 5 Apparatus for real contact area measurement.

energy lost by the test plate is equal to the energy ab-
sorbed by the fabric plus a constant C1. The heat flow
to the test plate is equal to the electrical power supplied
by the heater wire resistances plus a constant C2. The
constants C1 and C2 are independent from the fabric.
They only depend on the imposed temperature gradient
�T . In our study, this gradient is constant and equal
to 13◦C, i.e., the temperature difference between the
atmosphere temperature (20◦C) and the operating tem-
perature (33◦C).

Under these conditions, the thermal energy trans-
ferred to the fabric is the difference between the power
measured at the equilibrium state without the sample
and the power measured with a sample on the test plate.
The thermal energy, absorbed by the sample is calcu-
lated by multiplying instantaneous power absorbed by
the fabric during the time interval. Hence, it is very
important to have a short time interval (less than one
second, in our case 0.8 s). At a steady state (longer
time interval), the energy absorbed is mostly due to the
raw material and not the structure or the real area of
contact.

2.2.2. Technique to assess fabric surface
roughness-friction

A multi-directional tribometer is used for this measure-
ment. It consists of three parts: drive for the sample,
sensor and a signal-processing unit (Fig. 6). The sam-
ple carrier is a 140-mm diameter rotary disk. The sensor
is positioned at one end of a balance arm with coun-
terweight at the other. This arm is fixed on the frame
that supports the sample carrier. The sensor is a piezo-
electric accelerometer. The probe attached to the sen-
sor is a steel wire (0.5 mm in diameter and 5 mm in
length) with its axis radial to the sample carrier. The
surface to be scanned is a rotary disk of 110-mm diam-
eter. Measurements are performed at a rotation speed
of 0.258 rps (linear speed of 89 mm·s−1).

Figure 6 Tribometer for roughness-friction criterion measurement.

The Fourier analysis of the electrical signal from the
sensor consists of computing the autospectrum relative
to frequency by a spectrum analyzer. The autospectrum
is the average of several instantaneous spectra during
sample carrier rotation. Each spectrum is expressed in
power spectral density (PSD) relative to frequency. The
power spectral density is obtained as follows:

PSD( f ) = |X ( f )|2
K∗� f

(6)

where, f , frequency (Hertz, Hz); X ( f ): Fourier trans-
form of the temporal signal x(t), which corresponds
here to the signal from the sensor (m·s−2); PSD, power
spectrum density ((m·s−2)2·Hz−1); � f , step in fre-
quency domain, � f = 1 Hz; K , coefficient relative to
the windowing (dimensionless). In our case, we used a
Hanning window, then K = 1.5.

All fabrics have a periodic structure based on the
basic pattern (kind of weave or knit). Thus, the power
spectral density shows one or several peaks correspond-
ing to the periodicity of the fabric structure. The number
of peaks is equal to the number of periodicity scanned
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by the probe during sample rotation. For jersey fabrics,
the power spectral density has one peak which corre-
sponds to the wales.

The frequency value of each peak is equal to:

f = π Dω

l
(7)

where, D, diameter of the scanned surface (m); ω, rota-
tion speed (rps); f , frequency (Hz); l, length of a spatial
period (m).

A spatial period shows the distance between two as-
perities (in our case two wales of the knitted fabric).

The height of the frequency peak corresponding to
this spatial period evolves in the same direction as the
friction force due to these asperities. This friction force
depends on the height of the asperities and the mate-
rial. Hence, for a given material, the peak maximum is
obtained by the asperity height. This defines the fabric
surface roughness. The asperity height is governed by
the yarn undulation in the fabric. Hence, rougher the
structure, the higher is the frequency peak maximum.
This parameter is called roughness-friction criterion.

3. Results and discussion
3.1. Results
As indicated previously, we obtained data on two sets of
fibers. One group consists of round, scalloped oval and
cruciform shapes with nominal mass per unit length
1.8 dtex. The other group consists of round, scal-
loped oval and hexachannel with a nominal fineness
of 3.9 dtex. The bending rigidity of a fiber relative to
an axis δ, approximated as a beam, is [11]:

B = E · I (8)

where, B, bending rigidity relative to the axis δ (N·m2);
E , Young modulus of the material (N·m−2); I , mo-
ment of inertia of the cross section relative to the axis
δ (m4).

Therefore for a given material, the bending rigidity is
determined by the moment of inertia. It was calculated
for each fiber relative to an axis δ based on the equation
indicated below [12]:

Ifiberaxisδ = η

4 · 1020 · π · ρ2
f

· t2
f (9)

or

Ifiberaxisδ = η

4 · π
· S2 (10)

where, η, shape factor, equal to 1 for a circular fiber
(dimensionless); ρf, fiber density (g·cm−3); tf, fiber
mass per unit length (dtex = 10−4g·m−1); S, fiber cross-
sectional area (m2).

The fabric properties of friction-roughness criterion
obtained by the tribometer and the real contact area by
the thermal device in vacuum were measured for the
fine (Fig. 7) and coarse (Fig. 8) fibers (Table I).

Figure 7 For fine fiber set: minimum moment of inertia, roughness-
friction criterion and real contact area.

Figure 8 For coarse fiber set: minimum moment of inertia, roughness-
friction criterion and real contact area.

3.2. Discussion
As indicated previously (Equation 8), the bending rigid-
ity of a yarn for a given material depends on the moment
of inertia of the yarn, and hence on the moment of in-
ertia of each fiber relative to axis �. This is defined as
the yarn axis with lower bending rigidity (Fig. 9). The
governing equation is:

Iyarnaxis� =
∑

Ifiberaxis� (11)

where, Iyarnaxis� , moment of inertia of the yarn relative
to the axis � (m4); Ifiberaxis� , moment of inertia of each
fiber relative to the axis � (m4).
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Figure 9 Yarn made from fibers under bending stress.

According to Huyghens theorem [11], the moment
of inertia of each fiber relative to axis � of the yarn,
shown in Fig. 9, depends on the moment of inertia of
each fiber relative to its axis δ and the corresponding
distance to the yarn axis �.

Ifiberaxis� = Ifiberaxisδ + S · d2 (12)

where, Ifiberaxisδ , moment of inertia of a fiber relative to
its axis δ (m4); S, cross-section area of the fiber (m2);
d, distance between axis � and δ (m).

Since, all yarns have identical structure, yarn count
and torsion value, it is assumed they have the same
yarn cross-sectional area. For each set of fiber fine-
ness, the yarns have the same number of fibers in the
cross section. Hence, the moment of inertia of each
yarn is governed by the fiber moment of inertia. With
increasing fiber moment of inertia, it is expected that
the yarn moment of inertia will increase. As indicated
previously, relaxation of fabric plays a dominant role
in yarns with higher bending rigidity. This results in a
higher contribution from retraction forces resulting in
fabrics of rougher tactility. This was confirmed by the
experiments as shown in Figs 7 and 8. In these figures,
we observe that with increasing fiber moment of iner-
tia a corresponding rise in friction-roughness criterion.
This is true for both sets of fibers of low and high mass
per unit length. We also observed that with increasing
moment of inertia the real contact area decreases.

With increasing fiber fineness (Equations 9–12) and
hence decreasing fiber moment of inertia, one would ex-
pect the fabric friction-roughness criterion to increase.
This was not observed for round and scalloped oval
shapes (Figs 10 and 11). Increasing fiber mass per unit
length increases yarn hairiness (Table III) because of
increased fiber mass moment of inertia Im relative to
the yarn axis D [1]:

ImfiberaxisD =
∫

r2 · dm (13)

Where, ImfiberaxisD , fiber mass moment of inertia rela-
tive to the axis D (m2·kg−1); D, yarn axis; r , distance

T ABL E I I I Yarn hairiness index

Fiber fineness Yarn hairiness index
Fiber shape (dtex) (m of hairs per m of yarn)

Round 1.58 7.07
3.39 8.66

Scalloped oval 1.75 8.24
4.18 9.55

Figure 10 For round fibers: minimum moment of inertia, roughness-
friction criterion and real contact area.

Figure 11 For scalloped oval fibers: minimum moment of inertia,
roughness-friction criterion and real contact area.

between a fiber element and the axis D (m); dm, mass
of a fiber element (kg).

For a fixed distance r , increasing fiber mass per unit
length increases the mass moment of inertia. Hence,
coarse fibers have increased propensity to protrude from
the yarn surface as hair.

Yarn hairiness can mask the contribution of the stitch
relief for a knit structure. This results in lower fabric
friction-roughness criterion from the tribometer than
in the absence of hairiness. Also, the real contact area
decreases with increasing hairiness.

A fiber defined as hair is not contained in the yarn
cross section, hence it is free. During bending, it tends
to move towards the axis �. The distance d decreases
(Equation 12, Fig. 12) resulting in lower yarn moment
of inertia for a hairy yarn than for a non-hairy yarn
made from identical fibers. Hence, decreasing the yarn
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Figure 12 Hairy yarn made from fibers under bending stress.

moment of inertia due to hairiness has a more significant
impact than that of increasing moment of inertia due to
increased fiber mass per unit length. Yarns made from
coarse fibers are less rigid than the yarn made with
fine fibers. Hence, for coarse fibers, the fabric friction-
roughness criterion is low and the real contact area is
high.

Figs 10 and 11 show that with coarse fibers, the fabric
friction-roughness criterion and the real contact area
are lower than with finer fibers. Therefore, in that case
the most important contribution is not the difference in
moment of inertia between yarns made with coarser or
fine fibers but the level of hairiness.

4. Conclusion
Fibers with four different shapes (round, scalloped
oval, cruciform and hexachannel) were evaluated in this
study. In addition we studied two sets of fiber fineness.
The results indicate that increasing moment of iner-
tia, as governed by the shape of fiber cross-section,
leads to a corresponding increase in the fabric friction-
roughness criterion coupled with decrease in the real
contact area. Furthermore, the contribution of the fiber
moment of inertia to the yarn bending rigidity and the
knitted loop structure is explained.

With increasing fiber fineness one would expect the
moment of inertia to decrease resulting in a smoother
fabric. However, we did not observe this trend. Yarns
made from coarse fibers result in higher level of hairi-
ness, thus reducing the contribution of fiber mass per
unit length. This resulted in higher fabric roughness-

friction criterion and an increase in real contact area
for fine fibers.

In order to have the softest fabrics based on the shape
of the fiber, it is necessary to have the lowest moment
of inertia. This may be achieved by decreasing fiber
mass per unit length or by designing a desired shape
of fiber cross section. The moment of inertia of the
fiber should be low in one direction relative to the axis.
Consequently, it is high in the transverse direction as
is, for example, the case for a ribbon or in the limit a
“line” shape fiber. For this shape, the “non-roundness”
factor κ becomes very large, approaching infinity. This
shape poses a problem during arrangement of fibers
in the yarn cross section. All fibers must bend in the
direction of their minimum moment of inertia. This
is not possible with a ribbon or a “line” shape. One
way to overcome this for a twisted “line” shape fiber
is to have incremental twists small enough to allow
each fiber to bend in the direction of its minimum mo-
ment of inertia in the yarn structure. Such a fiber would
give the smoothest knitted fabrics for a given stitch
length.
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