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Abstract

This study investigates the impact of fiber composition and fabric structure on the liquid absorption and retention
performance during pressure of weft-knitted fabrics designed for reusable incontinence products. Twelve fabric samples,
made from polyester, polyamide (6.6), and viscose, were knitted in two structures—I| X | interlock and | X | rib—with
varying stitch lengths. Key parameters such as porosity, air permeability, liquid absorption capacity (LAC), and retention
capacity during pressure (RCDP) were measured and analyzed. Results showed that viscose fabrics demonstrated superior
LAC (up to 312%) and RCDP due to their high hydrophilicity, fiber swelling, and porosity. Polyester and polyamide had
lower LAC, with polyester performing better due to higher porosity despite its hydrophobic nature. Increasing stitch
length reduced fabric density and increased porosity and air permeability, thereby enhancing LAC but decreasing RCDP.
Rib structures consistently exhibited higher LAC, while interlock structures offered better RCDP due to smaller, more
uniform pores. The findings highlight the importance of optimizing the porous structure by altering knitting parameters and
fabric structure to develop reusable absorbent textiles that balance high absorption and retention capacity during pressure.
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Introduction attention to circular economy and processes also involves
the development of reusable alternatives which are washed
and re-used many times prior to disposal. Reusable sani-
tary hygiene products would reduce solid waste, utilization

Absorbent hygiene products play a vital role in managing
human fluids like urine and menstrual blood. Despite the
increasingly global challenge of climate change the pre-
dominant use of disposable absorbent products raises sig-
nificant environmental challenges.! Data regarding waste
statistics is scarce and fragmented but newly reported esti-
mations suggest that absorbent hygiene product waste
gcco;.mts for 8%_15% of total mUFlICIPal waste .genera.'- Lena Berglin, Department of Textile Technology, Faculty of Textiles,
tion.” A more specific forecast predicts that adult inconti- Engineering and Business, University of Boras, Boras SE-501 90,
nence products alone will contribute 170 kilo tonnes of Sweden.
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Figure |. Structure and optimal versus poor flow of liquid of an absorbent incontinence product. I: The top sheet. 2: The
acquisition and distribution layer (ADL) 3: The absorbent core. 4: The leakage barrier.

of raw materials and costs for the users and health care
institutions.* The transition from disposable to reusable
absorbing hygiene products changes the demands of mate-
rial performances, from disposable materials to materials
that need to be washable and sustainable to wear and tear.
Though most incontinence products are disposable there
are several reusable alternatives and for many users envi-
ronmental concern and economic issues are reasons to use
these pads. The market for reusable menstruation items, so
called period wear, has increased and several brands and
products are already on the market. However, clinical
studies have shown that using these products for inconti-
nence are seen as less effective in terms of leakage and less
comfortable since reusable products were found to be thick
to absorb high amount liquid and the products also have a
high rewet of liquid back to the surface and the human skin
interface.’ These issues are all a result of an ineffective
liquid management in reusable textile products in terms of
lower absorption and higher rewet to the surface compared
to disposables.

Absorbent incontinence products are available in a
range of design but generally share a common structure,
typically consisting of four main layers. These layers
are engineered to facilitate an optimal flow by rapid
penetration, horizontal liquid distribution, absorption,
and retention.® The top sheet serves as the initial point
of contact, allowing urine to pass through while main-
taining a dry surface in contact with the skin. Beneath
this, the acquisition and distribution layer, ADL, facili-
tates the rapid uptake of liquid and distributes it evenly
over a wide area to enhance absorption. The absorbent
core is designed to capture and retain liquid, thereby
keeping the upper layers dry. Finally, the back sheet acts
as a waterproof barrier, preventing leakage. An optimal
flow between these layers improve the retention capac-
ity of the product, for example, the liquid is retained
within the absorbent core with little or at best, no wet-
ting back to surface. For the optimal flow of liquid both
in-plane and transverse wicking are involved. Low
retention capacity and high rewet back to the surface is
the result of a non-optimal flow of liquid, such as poor
spreading in the ADL layer and/or poor retention capac-
ity of the absorbent core, Figure 1.

The flow of liquid through textiles involves two sequen-
tial processes, wetting and wicking, Wetting is the dis-
placement of fiber-air interface with the fiber liquid
interface and wicking is the spontaneous flow of a liquid in
a porous media, driven by capillary forces caused by wet-
ting.”® The forces equilibrium is commonly described by
Young Dupre equation (1):

Ysy = Vst =Y 1ycosO (1

were Y represents the interfacial tension that exists
between the various combinations of solid, liquid and
vapor, and 0 is the equilibrium contact angle. The term
Y.y is denoted as the surface tension of the liquid/vapor
interface and the term 7,y €050 has been called adhesion
tension or specific wettability. The contact angle may then
be useful in defining the wettability of a fiber, however, the
measurement of the contact angle on a rough textile struc-
ture is complicated and the equation is only valid for a for
a drop resting an a smooth and homogenous surface. But,
the magnitude of cos@ is useful when defining wettability.
If vy is larger than Y., then cos@ must be positive, and
the contact angle somewhere between 0° and 90°. Further,
if Vsp is smaller than ¥s. , then the contact angle must be
between 90° and 180°. When the contact angle decreases
wettability increases and when the contact angle
approaches zero wettability has its maximum. The wetta-
bility of a fiber depends on the chemical nature of the fiber
surface, the fiber geometry and surface roughness.’ The
further transport of liquid into a yarn or a fabric may then
be caused by external forces or capillary forces. This
means that when the liquid wets the fiber, it also reaches
the spaces between fibers in the yarns (intra-yarn pores)
and spaces between yarns (inter-yarn pores) in the struc-
tures and produces a capillary pressure. The magnitude of
this pressure is given by the Laplace equation (2):

_ 2y, cosO
R

c

P 2)

were P is the capillary pressure in a capillary tube of
Radius R, suggesting that the capillary pressure is higher
in smaller radius. Based on fiber-liquid interactions,
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further liquid transport into the yarn or fabric structure can
be classified into four types: (1) capillary penetration
alone; (2) capillary penetration combined with fiber imbi-
bition, where the liquid diffuses into the fiber’s interior;
(3) capillary penetration along with surfactant adsorption
onto the fiber surface; and (4) a combination of capillary
penetration, fiber imbibition, and surfactant adsorption.”

For further wicking it is crucial how fast and how far
the liquid may move. To model this data the Lucas
Washburn equation (3) has been used:

12
I :(rycoseA } A 3)
2n

The wicking length, L, relates to the square root of time
for a structure consisting of cylindrical tubes with a con-
stant radius, r, where these tubes are immersed in an infi-
nite reservoir of liquid with a surface tension of v,
viscosity of 1, and a constant advancing contact angle 6,
. The equation suggests that the length increases with an
increased radius, if saturation time is constant. However,
there are some limitations to this model, such as the
assumption of a constant advancing angle and a constant
radius in yarns and fabrics. Absorbent materials, such as
textiles, are porous media with structures more complex
than those assumed in these equations. The pores in tex-
tiles have different sizes and are interconnected in three-
dimensional networks, so that even for one-dimensional
flow, the fluid must follow tortuous paths rather than a
straight line as in the case of a capillary tube. Studies also
show that wicking from small finite reservoirs does not
follow the Lucas—Washburn model.'

The complex processes of liquid wetting, transport
(wicking) have been widely studied and both wetting and
wicking in porous materials are influenced by numerous
variables related to both the surface and geometric proper-
ties of the fiber, the porosity of yarn and structure, and the
properties of the liquid itself.!" Wicking is primarily
driven by capillary forces, which draw the liquid through
the interconnected voids in the material. This process
occurs when a fabric is either fully or partially immersed
in liquid or comes into contact with a small amount of lig-
uid, such as a droplet placed on the surface.”!?!3 The struc-
ture and composition of textiles play an important role in
governing moisture transport. For yarns various parame-
ters such as yarn configuration, twist, fiber shape number
of fibers in yarns and surfactants influence the wick-
ing.'*17 Studies show that the wicking height for spun
yarns with more evenly distributed and more packed fibers
are higher. More uneven fibers distribution, hairiness and
fiber covering the core slow down the wicking.!#!>:1820 [n
fabrics both intra-yarns and inter-yarns wicking occurs
which means that also fabric construction parameters
influence the wicking performance.?'2* In knitted textiles,
the pore architecture is complex and spans multiple

scales—micro and macro. Micro pores occur within the
yarn, both between individual fibers (intra-yarn pores) and
between adjacent yarns (inter-yarn pores). Macro pores
arise between yarns in the knitted structure, particularly in
the spaces between loops and at the contact areas between
yarns. Both micro and macro pores influence the overall
porosity and air permeability of the material.>’** Due to
this hierarchical pore structure, liquid may be found
between fibers, either between filaments or yarns, in films
or crevices along the fibers or inside fibers and on the sur-
face of the fabric structure.?>2¢ Hsieh et al. reported that
wicking rates and liquid reported in a fabric depend on
these pores sizes and their size distribution. According to
the capillary principles the small pores are filled first and
are responsible for the liquid front movement. As the
smaller pores are completely filled, the liquid then moves
into the larger pores.'"??® Pores have widely varying
shape and size distribution and may or may not be inter-
connected.'® The distance of liquid advancement is greater
in a smaller pore due to higher capillary pressure, but the
mass of liquid retained is small. A larger amount of liquid
can be retained in larger pores, but the distance of liquid
advancement is limited. Fast liquid spreading in fibrous
assemblies is facilitated by small uniformly interconnected
pores, whereas high liquid absorption can be achieved by a
larger pore. There seems be an optimal pore size and pore
size distribution for liquid spreading and retention.®?’
Fischer et al. studied the wicking flow in interlacing yarns
using X-ray tomographic microscopy and got a very
detailed information of the intra-yarn and inter-yarn pore
transition between two interlacing yarns formed as knit-
ting two inerlacing loops. As a result of these findings a
wicking enhancing fabrics should include irregular pore
structures, such as using profiled and mixed fiber sizes to
better merge pore sizes between yarns.°

Liquid absorption is a specific form of wicking, where
liquid is stored in the inter-yarn or intra-yarn spaces, act-
ing as a reservoir within the textile structure.'>3!3
Absorption of large volumes of liquid, such as in incon-
tinence applications, is less frequently studied in yarn-
based structures compared to pulp materials used in
disposable products.’*** When evaluating the perfor-
mance of disposable versus reusable incontinence prod-
ucts, the composition of the absorbent core is particularly
critical. The absorbent core in an incontinence pad is the
major component that must absorb large amounts of lig-
uid while also retaining it under pressure. Disposable
products typically incorporate advanced technologies,
such as superabsorbent polymer (SAP) fibers, which are
capable of absorbing and retaining substantial volumes
of liquid during pressure. These materials are light-
weight and maintain structural integrity even under pres-
sure but are not intended for reuse, as their performance
degrades with washing. In contrast, reusable products
are constructed from multiple layers of yarn-based mate-
rials, designed to withstand repeated laundering while
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Table |. Fiber characteristics: moisture regain, density, and cross-sectional shape.

Fiber Moisture regain %% Crystallinity Fiber density (g/cm?3 Cross-section area
Polyester 04 65%—85% 1.38 Round

Polyamide 6.6 4.5 65%—85% .14 Round

Regular viscose 12-13 35% 1.52 Irregular

Figure 2. | X | rib (aand b) and | X | interlock structure (c and d).

retaining their function and structure. However, due to
their construction, reusable products generally exhibit
lower immediate absorbency compared to disposable
options. Further the integrity of reusables when it comes
to leakage during press is poor, which results in higher
rewet back to the surface of the incontinence product.

A major challenge in the development of reusable
incontinence products is therefore to achieve high liquid
absorption combined with low rewet under pressure,
enabling them to compete with the performance of dispos-
ables. While wetting, wicking, and overall liquid absorp-
tion have been widely studied in textiles, the specific
mechanisms that govern rewet and liquid retention
under pressure in yarn-based absorbent structures
remain largely unexplored.

The aim of this study is to investigate the factors
influencing absorption capacity and rewet under pres-
sure in two knitted structures composed of polyester,
viscose, and polyamide. By focusing on the interplay
between fiber composition, structure, and liquid retention,
this work seeks to identify key determinants of rewet per-
formance in reusable absorbent cores. The findings are
expected to provide fundamental insights for the design of
next-generation reusable incontinence pads and contribute
to closing the performance gap with disposable products.

Materials and methods

Materials

In this study, three types of smooth multifilament yarns
were purchased. The fiber material of each yarn was poly-
ester, polyamide and viscose representing three distinct

chemical compositions and moisture regain values, shown
in Table 1.

Twelve weft-knitted fabrics, characterized by differences
in yarn knitting structure and stitch length, were produced
using a STOLL ADF 530 ki knitting machine (7.2 gauge
with 12-gauge needles) four yarns per stitch. The weft-knit-
ted fabrics were produced in two distinct structures—1 X 1
rib and 1 X linterlock, Figure 2. For the interlock structure,
the machine-set stitch lengths were 9.5 and 11.5, while for
the 1 X 1 rib structure, the stitch lengths were setat 9 and 11.
The differences in structure for the higher machine set was
to get a similar loose construction. The sample material was
washed five times in compliance with EN ISO 6330:2021
using machine type A, line drying, and ballast type III
(100% polyester), with reference detergent 3 and a 40°C
machine program 7N. The yarn specifications and fabric
sample compositions are detailed in Table 2. Construction
characteristics of the relaxed knits are shown in Table 3.

Methods

Air permeability and porosity. The air permeability of textile
fabrics was determined by measuring the rate of air flow
passing perpendicularly through a specified area of fabric
under a defined pressure difference across the test area
within a set time period. Transverse air permeability was
measured using the FX 3300 LabAir IV Air Permeability
Tester, with an applied pressure of 200 Pa, in accordance
with ISO 9237, 1995.

Relative Porosity: Porosity values were calculated
using the following equation (4):
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Table 2. Specification of the yarn and fabric samples.

Yarn Fabric
Sample code Specification Composition Structure Machine setted stitch length
PES-I-1 Dtex 167/48/1 (slightly texturized Polyester I X linterlock 9.5
PES-I-2 yarn from Alltex/New textile) Polyester | X linterlock 1.5
PES-R-1 Polyester I X1 rib 9
PES-R-2 Polyester I X'| rib I
VIS-I-1 Dtex 167/44/1 (untexturized yarn Viscose | X linterlock 9.5
VIS-I-2 from Cofitex) Viscose | X linterlock 1.5
VIS-R-| To——— Viscose I % I rib 9
VIS-R-2 Viscose I X'| rib Il
POL-I-1 Dtex 156/46/1 (untexturized yarn Polyamide 6.6 I X linterlock 9.5
POL-I-2 from ContiFibre) Polyamide 6.6 I X linterlock 1.5
POL-R-1 Polyamide 6.6 I X1 rib 9
POL-R-2 Polyamide 6.6 I X'| rib I
P=(l- m )x100 ) dri'p-dry method*® and m'easurements “were conducted
p.h using ISO 20158 - Textiles—Determination of water

where P is the porosity (%), m is the fabric weight (g/m?), p
is the fiber density (g/m?), and h is the fabric thickness (m).*

Microscopic analysis. To investigate the pore size and inter-
connectivity within each sample structure, microscopic
analysis was conducted using a Nikon Eclipse Ei optical
microscope. This method allowed for high-resolution vis-
ualization of the internal architecture of the materials.
Both dry and wet states of the samples were examined to
assess the extent of fiber swelling upon hydration. The
analysis specifically focused on three sample types: PES
R-2, VIS R-2, and POL R-2. For each, images were cap-
tured before and after hydration to identify changes in pore
geometry and fiber morphology. Pore space and fiber
diameter in was measured for 5 different samples for each
sample type. Comparative evaluation of the micrographs
provided insights into the structural dynamics and fluid-
responsive behavior of the materials.

Analyzing absorption and retention capacity. The specimens
underwent conditioning following the SS-EN ISO 139
standard for the saturation of the moisture regain of the
samples. Absorption capacity was assessed using the

absorption time and water absorption capacity of textile
fabrics, with some modifications. Simulated urine served
as the test liquid consisting of 9 g/L solution of sodium
chloride in grade 3 water confirming ISO 3696, with sur-
face tension of 70 =2 mN/m. The test liquid volume was
1.5L per test material. The textile specimen size was
10 X 10cm?. The procedure involved weighing the speci-
men in a conditioned state, submerging a test specimen in
the test liquid, and using a glass rod to force the specimen
below the surface. The specimen was kept underwater for
the initial 5s and then allowed to soak freely for a total of
60s. Afterward, the test specimen was removed from the
water bath by gripping one corner with a clamp, hung up,
allowed to drip for 60s for the removal of excess liquid,
and weighed to find out the liquid absorption capacity. The
experiments were performed in ten replicates. The liquid
absorption capacity (LAC) in % for each specimen was
calculated using equation (5):

rac ="2""1.100 (5)
m
were m, is the mass of test specimen in conditioned state,
in g;
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Table 3. Construction characteristics of the relaxed knitted fabrics.

Method of measurementMean (std)

SS-EN 14970:2006 SS-EN 14971:2006 SS-EN 14971:2006 -

EN ISO 5084:1999 SS-EN 12127

Measured stitch Course density Wale density Stitch density Fabric thickness Areal density

Sample code length (mm) (em™) (em™) (ecm™) (mm) (g:m-2)

PES-I-1 5.1 (0.1) 12 (0.1) 8 (0.0) 96 (1.0) 1.80 (0.02) 631 (1.1)
PES-I-2 6.8 (0.1) 7 (0.0) 6 (0.0) 42 (0.3) 2.21 (0.1) 458 (1,7)
PES-R-1 4.7 (0.1) 13 (0.2) 7.0 (0.2) 91 (3.9) 1.80 (0.01) 570 (2.2)
PES-R-2 6.5(0.2) 9.0 (0.3) 6.0 (0.3) 54 (1.8) 2.27 (0.03) 428 (2.9)
VIS-I-1 4.7 (0.2) 13 (0.1) 8 (0.1) 104 (2.4) 2.09 (0.03) 723 (2.3)
VIS-I-2 6.3 (0.2) 6.5 (0.3) 5.5(0.2) 35.75 (2.5) I.51 (0.01) 287 (3.3)
VIS-R-1 4.5 (0.2) 14 (0.5) 6 (0.2) 84 (6.0) 2.00 (0.07) 493 (3.0
VIS-R-2 6.1 (0.2) 7 (0.2) 6 (0.2) 42 (2.7) 0.98 (0.02) 180 (2.9)
POL-I-1 5.1 (0.2) 11 (0.4) 10 (0.4) 110 (7.4) 1.66 (0.02) 775 (5.4)
POL-I-2 7.1 (0.2) 8(0.2) 8(0.2) 64 (3.4) 1.61 (0.02) 491 (3.0)
POL-R-I 4.8 (0.1) 13 (0.2) 13 (0.1) 169 (3.0) 1.55 (0.04) 538 (2.1)
POL-R-2 6.6 (0.1) 10 (0.1) 8 (0.1) 80 (2.3) 1.49 (0.02) 337 (1.8)

m, is the mass of test specimen in immersed state, in g.

To determine the retention capacity during pressure
(RCDP), press methods used for incontinence and baby
diapers were used.’”® The test procedure starts with meas-
uring the rewet back to the surface when a specimen is
subjected to pressure. Measuring involved placing a
weighed dry filter paper (Munktell Quality) on top of a wet
specimen, covering the specimen with a plexiglass sheet,
and applying a 1 kg weight for 60s, followed by weighing
the wet filter paper. The rewet was calculated as the weight
difference between filter paper after pressure and the dry
filter paper. The mass of the test specimen, m,, was calcu-
lated using equation (6).

my = m, —rewet (6)

The retention capacity was calculated (equation (7)) as
ratio between retained liquid and total absorbed liquid (%)

ms —m

RCDP = x100 (7

m, —m,

Retention capacity during pressure refers to the capacity a
textile sample holds a specific amount of liquid after pres-
sure is applied. A high value means that the sample rewet
less of the absorbed liquid to the surface during pressure. A
lower value indicates higher rewet to the surface.

Statistical analysis

Statistical analysis was conducted through an analysis of
variance (ANOVA) employing a general linear model,
with a significance level (o) set at 0.005 or a confidence
level of 95%. Additionally, Pearson correlation and simple

linear regression were employed to examine the relation-
ship between thickness and air permeability.

Results and discussion

Fabric properties

The construction parameters of knitted structures in Table 3
indicate that, even when the knitting structure (interlock
or rib) and the machine-set stitch length are kept constant,
changing the fiber material results in variations in actual
stitch length, stitch density, and fabric thickness. For
instance, in the case of polyester samples, increase in
stitch length leads to a decrease in stitch density but a
notable increase in fabric thickness. In contrast, viscose
shows the opposite trend, where increasing stitch length
does not increase thickness in the same way as polyester.
For polyamide samples, the changes in stitch length and
knitting structure result in minimal variations in thick-
ness. This suggests that when comparing samples of equal
surface area (e.g. 10 X 10 cm?), the sample volume varies
by material due to differences in thickness. It can be seen
from the results shown in Table 3 that increasing the stitch
length setting on the machine leads to a decrease in stitch
density, fabric areal density and fabric thickness for most
materials (e.g. viscose and polyamide) in both interlock
and rib structures. Polyester is the main exception, as its
thickness increases with stitch length, indicating a mate-
rial-dependent response. Furthermore, interlock fabrics,
regardless of material composition, consistently exhibit
higher areal density and stitch density than rib fabrics
under the same knitting conditions. The results from cal-
culation and measurement indicate that increase of stitch
length leads to increased porosity and air permeability for
both interlock and rib structures as shown in Table 4.
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Table 4. Porosity and air permeability of samples.

Sample code Optical microscopy images Porosity (%) Air permeability (Lm™2s™")
PES-I-1 74.6 645
PES-I1-2 85.0 1070
PES-R-1 77.1 651
PES-R-2 86.3 1240
VIS-I-1 76.9 462
VIS-I-2 873 3460
VIS-R-1 83.6 2340
VIS-R-2 87.8 6450

(continued)
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Table 4. (continued)

Sample code Optical microscopy images Porosity (%) Air permeability (Lm™2s™")
POL-I-1 59.0 1680
POL-I-2 732 5370
POL-R-1 69.6 2550
POL-R-2 80.2 5580

When comparing samples produced under the same knit-
ting machine settings—such as PES-I-1 (74.6%), VIS-I-1
(76.9%) and POL-I-1 (59%)—the viscose samples exhib-
ited higher textile porosity. Though the yarn density and
machine setting were similar the samples exhibited differ-
ent air permeability and porosity. Viscose and polyester
generally exhibit higher porosity, while polyamide dem-
onstrates the highest air permeability despite having lower
overall porosity. that fiber material affects the loop con-
figuration and pore sizes. The higher bulk and resilience
of polyester yarn fill the loop decreasing both pore sizes
and the air permeability.

Knitting structure further influences these properties.
Interlock fabrics consistently show lower air permeability
compared to rib structures across all materials. Optical
microscopy images (Table 4) qualitatively illustrate that
interlock fabrics exhibit smaller interloop openings and a
less interconnected pore morphology compared to rib
structures, which tend to form larger and more open pore
networks. These structural differences are consistent with
the measured air permeability results, where rib fabrics
allow enhanced airflow.

Yarn characteristics, particularly texturizing, also affect
porosity and air permeability. Texturizing introduces
crimps, loops, and increased surface roughness, which

alter fiber packing and the geometry of pore spaces.
Though the yarns were categorized as smooth filament
yarns the polyester yarn were slightly more texturized than
the polyamide and viscose yarns. As a result, differences in
airflow and porosity between fabrics cannot be attributed
solely to fiber type; the texturizing process may enhance
bulk and openness, especially in polyester yarns, thereby
contributing to the observed lower air permeability. The
viscose and polyamide yarns were denser according to the
images contributing to more dense and compact loops
compared to the polyester samples.

Overall, the combined effects of fiber type, knitting
structure, and yarn texturizing determine the porosity and
air permeability of knitted fabrics (Figure 3). Careful con-
sideration of these factors is essential when interpreting
the influence of material on fabric performance, as each
parameter can significantly modify the internal pore archi-
tecture and airflow behavior.

Air permeability and porosity are two key physical
properties that significantly affect liquid absorption.
While air permeability is primarily influenced by poros-
ity, it is a complex phenomenon, as air permeability and
porosity can be seen as dynamic and static properties,
respectively. Indeed, porosity reflects the total void space
within a material, whereas air permeability indicates how
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Figure 3. Air permeability and porosity for all samples.

open that void space is and therefore allows air (or fluid)
to flow through. Samples with higher air permeability are
likely to possess more continuous or aligned channels,
wider connections between pores, and less tortuous flow
paths. In fact, relative porosity is largely determined by
the structural parameters of the fabric, such as pores and
inter- and intra-yarn channels, which are in turn influ-
enced by the bulk density.?>¥

The relationship between fabric thickness and air per-
meability was found to be strongly material-dependent and
was evaluated using Pearson correlation and simple linear
regression for each material group. Figure 4 shows that
polyester samples exhibited a positive correlation, where
increased thickness corresponded to higher air permeabil-
ity (slope=+117, R*~0.96, p<0.001). This pattern
reflects that greater thickness in PES results from higher
stitch length and rib structures, which create looser, more
open fabrics. In contrast, viscose samples showed a strong
negative correlation (slope =—378, R>=~0.94, p <0.001),
indicating that thicker VIS fabrics are substantially less
permeable due to denser interlock structures and lower
stitch lengths. Polyamide displayed a weak negative trend
(slope=—1016, R*~0.18, p=0.061), suggesting that
thickness changes had minimal impact on permeability
compared to other structural factors. Overall, these find-
ings highlight that the effect of thickness on air permeabil-
ity is not uniform but influenced by material type, knit
structure (interlock vs rib), and stitch length, with looser

configurations generally promoting airflow and tighter,
denser structures restricting it.

Microscopic analysis of dry and wet samples

Microscopic examination of the conditioned and wet sam-
ples revealed significant swelling in the viscose fibers
compared to polyester and polyamide. This swelling led to
a reduction in pore size within the fabric structure. The
results presented in Table 5 provide measurements for the
samples, including (a) yarn diameter and (b) the size of the
pores between two loops in both conditioned and wet
states.

Liquid absorption capacity (LAC%)

Liquid absorption capacity results are presented in relation
to the sample porosity in Figure 5. The results show that
viscose exhibits the highest LAC followed by Polyester
while polyamide demonstrates the lowest absorption. The
higher LAC for viscose could be explained by the lower
crystallinity and hydrophilic nature of viscose enabling
two types of wicking processes, liquid absorption by capil-
lary penetration and diffusion into the amorphous regions
of the fiber. Knitting structure also influences LAC %. Rib
samples consistently showed higher LAC and this trend
was clearer for Polyester and Viscose. Higher porosity
gives higher LAC, which is clearer for PES and Viscose.
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Figure 4. Air permeability and thickness for all samples.
Table 5. Yarn diameter (a) and pore size (b) measurements in dry and wet states.
Viscose dry Viscose wet fiber (a) +23% std 1.8

Pore space (b) —29% std 1.8

Polyester wet fiber (a) +2.3% std 0.8
Pore space (b) —4.7% std 0.9

Polyamide wet fiber(a) +7.9% std 6.9

Polyamide dry
Pore space (b) —6.3% std 2.8




Bjorkquist et al.

350 m LAC (%) 100
300 % - o Porosity (%) 90
. - & . (o] 80
250 o 70
60
$ 200 ® -
& 5o &
g z
S 150 a0 =
o
100 30 @
20
50
10
0 0
N v e v N v N v e v N AZ
N N & & > N ¥ ¢ X N ¥ &
5 5 1 i ) S 1 1 2 ¥ . 7
&K <2<<‘7 QQ‘P AN\ R\ L L QO\’ QO\'
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Figure 6. Relationship between LAC and thickness for all samples.

For Polyamide the variation of porosity results in less vari-
ation of LAC, here the absorption capacity is more in line
with the slight differences of thicknesses. Another interest-
ing aspect on thickness is that decreased sample thickness
for viscose samples led to increased LAC while the oppo-
site was shown in the polyester samples (Figure 6). This

could be related to more variation of pore sizes in the vis-
cose samples, which should be investigated further.

The standard deviation was generally low, with an
exception for PES I-2 and PES R-2. During the test poly-
ester samples (PES-I-1 and PES-R-1) remained afloat dur-
ing testing. Due to polyester’s inherently hydrophobic
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Figure 7. Relationship between LAC and air permeability for all samples.

nature, these samples were never fully immersed. Among
the looser polyester structures, PES-I-2 and PES R-2,
some samples were fully submerged while others were
not, resulting in higher standard deviations for those
samples.

Figure 7 and further illustrates the relationships between
LAC, air permeability and thickness for PES, VIS, and
POL samples. An increase in air permeability resulted in
higher LAC values for all samples, with the exception for
polyamide interlock.

The influence of stitch density knitted structure, and
material type on LAC % was analyzed using statistical
comparison of sample pairs, Table 6. All comparisons
between different materials at both stitch densities yielded
highly significant results (p < 0.05), highlighting the dom-
inant influence of material composition on LAC %. All
material-structure pairs show significant differences.
Additionally, changes in stitch density significantly
affected LAC % in Viscose and Polyester rib samples,
whereas no significant effect was observed in polyester
interlock and polyamide interlock samples.

Retention capacity during pressure (RCDP %)

The retention capacity during pressure is an important
property of the absorbent core and the RCDP in relation to
porosity is shown in Figure 8 and Table 7. The results
show that the viscose samples exhibited the highest reten-
tion capacity, followed by polyamide and polyester.
Porosity is in line with RCDP, but in this case a higher
porosity results in lower RCDP among all samples. The

interlock samples had higher values than rib which is also
the opposite from LAC. For viscose and polyamide, the
higher thickness improved RCDP but for the polyester
samples it was the opposite to that. The standard deviation
was low for all samples except for PES-12 and PES R-2
which is due to the higher deviations in LAC for these
samples.

The relationship between RCDP, air permeability and
thickness are shown in Figure 9 and Figure 10. Higher air
permeability indicates a less tortuous path which led to
lower retention capacity among all samples.

RCDP decreased as stitch density was reduced across
all materials. Interlock samples generally showed higher
RCDP (%) for all materials, likely due to their smaller
interloop pore sizes. Retention is primarily governed by
pore size and distribution, air permeability. Smaller pores
could be better at retaining liquids due to stronger capillary
forces. Narrow or bottle-necked pores prevent easy drain-
age, and a bimodal pore structure—containing both small
and large pores—can provide a balance between absorp-
tion and retention. Fabrics with low air permeability often
have more tortuous pathways that trap liquids more effec-
tively and reduce drainage. In addition, hydrophilic fiber
such as viscose attracts and retain water due to lower crys-
tallinity and thus more amorphous areas absorbing liquid.
improving both absorption and retention. Fiber swelling
could also play a role: materials like viscose swell upon
contact with liquid, physically trapping liquid when larger
pores decrease. Interlock samples with higher stitch densi-
ties showed higher RCDP across all materials due to their
lower air permeability and porosity. This can be explained
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Table 6. ANOVA summary table: influence of stitch density, knitted structure, and material type on LAC (%).
Comparison category Sample pair p-Value Significant
Samples with two different PES-I-1 vs PES-I-2 0.7917 No
stitch densities PES-R-1 vs PES-R-2 0.0113 Yes
VIS-I-1 vs VIS-I-2 5.54x107'° Yes
VIS-R-1 vs VIS-R-2 9.56 X 107* Yes
POL-I-1 vs POL-I-2 0.1297 No
POL-R-I vs POL-R-2 6.99 %107 Yes
Samples with different knitted PES-I-1 vs PES-R-I 1.65 X 107° Yes
structures (rib vs. interlock) PES-1-2 vs PES-R-2 0.0081 Yes
VIS-I-1 vs VIS-R-1 478 x 107" Yes
VIS-I-2 vs VIS-R-2 0.0128 Yes
POL-I-1 vs POL-R-I 0.0194 Yes
POL-I-2 vs POL-R-2 273 x 107 Yes
Samples with different PES-I-1 vs VIS-I-1 3.08 X 10712 Yes
materials POL-I-1 vs VIS-I-1 13X 10720 Yes
PES-1-1 vs POL-I-1 272 107" Yes
PES-1-2 vs VIS-I-2 5.27x 1078 Yes
POL-I-2 vs VIS-I-2 321 %1077 Yes
PES-1-2 vs POL-I-2 251 %107 Yes
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Figure 8. Relationship between RCDP and porosity for all samples.

by several factors: reduced flow paths (fewer, smaller
pores), higher capillary forces from smaller pores, and
greater resistance to compression—all of which help retain
liquid more effectively under pressure. In addition, com-
pared to rib knits, interlock structures are more dimension-
ally stable because of their balanced and denser geometry.
This stability prevents excessive deformation and pore
collapse under pressure, thereby supporting higher liquid
retention. For example, the sample VIS-I-1, which had the

lowest air permeability (462 I-m2-s7!), showed the highest
retention capacity.

Material composition significantly impacts liquid
transport. Polyester’s liquid transport relies more on
textile structure than fiber absorption due to its hydro-
phobic and highly crystalline nature. It does not absorb
water into the fiber itself but facilitates moisture move-
ment between fibers through capillary action. In con-
trast, viscose is hydrophilic and amorphous, with a high
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Table 7. ANOVA summary table: influence of stitch density, knitted structure, and material type on RCDP (%).

Comparison category Sample pair p-Value Significant
Samples with two PES-I-1 vs PES-I-2 1.4723 X 107* Yes
different stitch PES-R-1 vs PES-R-2 3.1388% 1073 Yes
densities VIS-I-1 vs VIS-I1-2 8.8199x 107'¢ Yes
VIS-R-1 vs VIS-R-2 2.6926 X 1078 Yes
POL-I-1 vs POL-I-2 1.9113X 1073 Yes
POL-R-1 vs POL-R-2 2.0102x 1078 Yes
Samples with different PES-I-1 vs PES-R-I 9.4000 X 107° Yes
knitted structures (rib PES-I-2 vs PES-R-2 2.5790 < 107! No
vs interlock) VIS-I-1 vs VIS-R-| 8.6356 X 1076 Yes
VIS-I-2 vs VIS-R-2 42978 X 107* Yes
POL-I-1 vs POL-R-I| 6.1731 x 1073 Yes
POL-I-2 vs POL-R-2 1.0345 X 107¢ Yes
Samples with different PES-I-1 vs VIS-I-1 1.9348 < 107"? Yes
materials POL-I-1 vs VIS-I-1 1.7750 X 107'8 Yes
PES-I-1 vs POL-I-1 1.1907 X 1072 Yes
PES-1-2 vs VIS-I-2 1.6390 X 1077 Yes
POL-I-2 vs VIS-I-2 2.1937 < 107" Yes
PES-I-2 vs POL-I-2 3.0609 X 1073 Yes
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Figure 9. Relationship between RCDP and air permeability for all samples.

affinity for water absorption. It absorbs moisture read-
ily, and its swelling behavior allows deeper diffusion
into the fibers, resulting in faster and more complete
absorption and retention.

Despite this, polyester still exhibited a higher absorp-
tion capacity than the fully immersed polyamide samples,
likely due to its greater porosity. As previously discussed,
porosity determines the maximum liquid-holding capacity

by defining the total void space, while air permeability
affects how quickly and easily liquid can enter and flow
through the material. Thus, although polyester may hold
more water due to its higher porosity, its lower air perme-
ability compared to polyamide could slow the absorption
rate. It’s possible that the test duration was insufficient for
polyester samples to fully saturate, which explains why
they did not sink during the test.
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Figure 10. Relationship between RCDP and thickness for all samples.

Conclusion

This study highlights the complex interaction between
fiber material, knitting structure, stitch density and yarn
characteristics in determining the liquid management
properties of knitted fabrics. Structural parameters such as
porosity, air permeability and thickness were shown to
vary significantly with fiber type, even under identical
machine settings and using yarns with similar yarns den-
sity. For example, Polyester fabrics exhibited increased
thickness with reduced stitch density, whereas viscose fab-
ric did not follow this trend, and the thickness of the poly-
amide only had slightly differences. These differences are
also reflected for porosity and air permeability were a
lower stitch density results in both higher porosity and air
permeability for viscose and polyamide while polyester
samples showed an opposite trend.

Though there are clear differences between structural
parameters of the different samples the findings clearly
indicate that LAC and RCDP are dictated by an interplay
of fiber material, knitting structure and stitch density.
Among the three fiber materials studied, viscose exhibited
the highest liquid absorption capacity (LAC) and reten-
tion capacity during pressure (RCDP). This can be attrib-
uted to its highly hydrophilic nature and ability to swell
and absorb liquid into the amorphous region. This dual
mechanism of absorption into the structure could be a rea-
son for viscose to effectively absorb and retain liquid dur-
ing pressure. Compared to the circular fiber geometry of
polyester and polyamide the irregular cross-section could
also be and explanation for a more effective liquid perfor-
mance, the irregular cross-section forms alternative

capillary pores between fibers within the yarns. Polyester,
despite its hydrophobic and crystalline nature, still showed
moderate absorption levels primarily due to higher poros-
ity, though its retention RCDP remained the lowest. While
structurally resilient and forming effective capillary path-
ways, highlighting the potential for surface modification
of polyester to enhance hydrophilicity. Polyamide demon-
strated the lowest LAC but comparatively better RCDP
than polyester. The higher moisture regain of polyamide
as well as polar amide groups within its chemical struc-
ture might suggest that better affinition to liquid to sup-
port a higher RCDP. Knitting structure and stitch length
significantly  influenced  performance  outcomes.
1 X linterlock fabrics, with smaller and more uniform
pores, maximized RCDP, whereas 1 X1 rib structures
enhanced porosity and LAC but decreased RCDP.
Similarly, longer stitch lengths reduced stitch density and
areal density, resulting in higher porosity and faster
absorption across all fibers, but lower RCDP. These struc-
tural differences illustrate that liquid absorption benefits
from openness and porosity, while liquid retention
requires restricted pore pathways and reduced deforma-
tion under pressure. Stitch density further modulated
these behaviors, with higher densities generally improv-
ing retention capacity in interlock structures and influenc-
ing absorption in viscose and polyester rib knits.

Liquid absorption is influenced by both material prop-
erties and pore characteristics, including connectivity
(linked to air permeability) and size (capillarity). The vis-
cose samples, particularly those with more continuous or
aligned pore structures (higher air permeability) showed
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enhance the fabric’s ability to absorb liquid. Pore size
plays a critical role in determining the speed of liquid
absorption, total absorption, smaller pores generate higher
capillary pressure, which provides a stronger driving force
for liquid uptake. However, viscous resistance in small
pores slows the flow rate, so while they enable longer
wicking distances and better liquid retention—If pores are
extremely small or poorly connected, this can also limit
the total absorbed volume. In contrast, larger pores exhibit
lower capillary pressure, leading to faster initial flow but
shorter wicking distances; they can absorb larger volumes
overall but are less effective at retaining liquid.

Retention capacity during pressure has so far studied
the final product performance rather than studying how
RCDP is influenced by the fabric structure. Overall, opti-
mizing fiber type, stitch length, and fabric architecture is
essential to achieve a high-performance absorbent core.
For the continued development of absorbent incontinence
products, the key finding of this study is that structures
with higher LAC tended to exhibit poorer RCDP. For
example VIS-I1 have lower LAC than VIS-I2 but higher
RCDP. Since superabsorbent fibers have extremely high
LAC and RCDP at the same time, it is challenging to rely
solely on the absorbent core for the development of reus-
able textile structures. Together with optimizing the struc-
ture of the absorbent core by altering pore sizes, fiber
material and fibers sizes more focus need to be set on the
ADL layer. Along with optimizing the structure of the
absorbent core by altering pore sizes, fiber material, and
fiber dimensions, greater focus needs to be placed on the
ADL layer. Optimizing liquid distribution throughout the
entire structure is a possible route for making reusable
products comparable with disposables and should be fur-
ther investigated. It is also clear that assessment protocols
for absorbent cores and absorbent products need further
development. This study has been based on standard meth-
ods commonly used in research on baby diapers and incon-
tinence products. Although only a few results showed high
standard deviations, these may have been dependent on the
individual tester. Other studies have shown that the repeat-
ability and reproducibility of these standards were poor.3
For future development of incontinence products, it is also
necessary to establish new methods. For example, image
analysis may improve understanding, and sensors could
enhance insight into the rewetting behavior of the absor-
bent core.
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