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Dear Readers and Colleagues,

The development of textile products no longer takes place at a table with a ruler but has moved into the
space of sophisticated 3D CAD systems. Hence, developers need deep engineering knowledge in order
to satisfy customers’ requirements. Even when creating daily clothing, designers want to be able to check
pattern fits through virtual manikins and evaluate the draping behavior of different materials. Additionally,
developers of functional clothing want to prove breathability, i.e. air permeability, water moisture
permeability, compression at different body parts, and many other properties. Today, the development of
products involving technical textiles does not depend on expert knowledge of experienced personnel
alone, but is often a result of interdisciplinary work based on simulations of multiple physical processes,
e.g. mechanics of textile materials and the human body, fluid mechanics, thermodynamics, etc.

The assembling procedure for state-of-the-art products has become an increasingly complex engineering
task. The majority of manual work steps has been replaced by automated feeding devices supported by
robots. Modern sewing machines are able to document every stitch and ensure constant sewing conditions
for all safety products. Alternative assembling technologies, such as ultrasonic welding, high frequency
welding, gluing, laser welding and hot air welding, are often integrated into the production process.

In the area of scientific publications, we are currently observing distinctly different publishing strategies.
Well established and renowned peer reviewed journals have already adjusted their strategies to the
modern electronic world, thus offering open access publications at extremely high processing costs. For
most researchers, this financial barrier makes it impossible to submit publications to these journals. At this
point, predatory journals have recognized a promising business opportunity and started sending regular
advertising mails offering a quick publication process against comparatively small processing fees.
Regular online "blogging" or publications in exclusively industrial journals do not provide the desired
scientific value.

This is a particularly challenging situation for young researchers at the start of their career when scientific
publishing becomes nearly impossible and they therefore often turn to journals with predatory practices in
order to achieve some publication record.
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Due to these observations combined with the desire to create an open access[1] initiative for the
publication of scientific results, we, colleagues from leading research groups, decided to start the new fully
open access journal "Communications in development and assembling of textile products". This journal
has an exclusively academic editorial board and does not pursue commercial goals. Instead, it is hosted
and supported by the Saxon State and University Library Dresden (SLUB) with the publication process
being managed by a voluntary team of researchers at the Chair of Assembly Technology for Textile
Products that is part of the ITM at TU Dresden. Under these conditions, the journal can act independently
from the business strategies of commercial publishers and solely focus on the publication of scientific
results.

The journal accepts two types of articles, i.e. "peer reviewed" material and "communications" articles. The
peer reviewed papers undergo a rigorous check from at least three experts — the editor and two
independent experts. The "communications" sector allows for the publishing of short case studies, valuable
information, project reports, scientific data, abstracts and other content, which does not provide a sufficient
amount of novel information, but is still valuable for industrials and researchers.

The journal welcomes manuscripts and communications in the field of development and assembling
processes for textile products. Moreover, the journal gladly supports the 13th joint international conference
CLOTECH 2020 [2], accommodating selected manuscripts which already passed or are currently going
through the peer review process. All papers and communications will be available online for free and will
be published with a unique DOI. After covering the requirements, the editorial team is eager to apply for
registration in leading journal databases.

On behalf of the editorial team, | would like to invite you to contribute your scientific input for the purpose
of good scientific communication by submitting your high quality manuscripts and supporting us with
reviews. You are welcome to visit www.cdatp.org

Prof. Dr.-Ing. habil. Yordan Kyosev
Editor-in-Chief

References

[11 www.coalition-s.org
[2] www.clotech.eu
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1 Introduction

Abrasion protection in exposed areas is a common method of
extending the life cycle of textile products. To achieve sufficient
abrasion resistance, the textile products are usually coated or
partially printed with hard products. But hard materials lead to
stiffening and can have a negative effect on the haptics. The aim of
this study is the application of abrasion-resistant and compressible
print patterns directly to textile substrates by 3D printing. The
compressibility is achieved by the inner structure, which, in contrast
to conventional coatings and screen prints, is not 100 % filled. In
the investigations, four thermoplastic materials were tested for their
abrasion resistance and compressible properties. Fabrics made of
cotton or polyester/cotton blends were used as textile substrates.
Different approaches were taken to create the structures, some of
which can only be realized using 3D printing technology. The
abrasion resistance of the substrates could be increased from 50
abrasion cycles to over 8,000 cycles with the help of the 3D printed
patterns. It was possible to print 3D structures that could be
compressed in thickness by up to 53 %. The combination of both
properties, abrasion resistance and compressibility, can be used for
new types of individual products with good wearing comfort and
functionality that meet the requirements, especially in the areas of
functional, protective and sports clothing.

© 2020 The authors. Published by CDAPT.

This is an open access article under the CC BY-NC-ND license
https://creativecommons.org/licenses/ peer-review under
responsibility of the scientific committee of the CDAPT.

Textile products are additionally protected from abrasion and wear in exposed areas to increase the
durability of the textile. For this purpose, durable raw materials or all-over coatings as well as partial print
layers can be used. Abrasion protection by patches results in seams that are not always desired. With all-
over coatings there is a risk that the flexibility and breathability of the textile will be reduced too much.
Partial print layers or patterns reduce the flexibility of the textile less. However, hard materials are often
used which reduce the wearing comfort under pressure/stress on the structures.
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Currently, screen printing is mainly used for the application of partial, functional structures on textiles, as
it allows the use of higher viscosity and filled printing materials [1-4]. The disadvantage of screen printing
is that separate printing stencils must be produced for each design. This requirement increases both the
set-up times and the costs for the production and storage of the stencils. With digital printing processes,
the disadvantage of stencil production does not exist, but inkjet printing is used for color printing and
conductive structures and not yet for commercial functional printing on textiles because low-viscosity inks
are required [3, 5, 6].

3D printing combines the advantages of digital technologies and screen printing. The production process
of stencils is no longer necessary. Design changes are therefore possible without long set-up times. In
addition to the initial development of using different 3D printing processes for textile and clothing production
[7, 8], there are increasing ambitions to functionalize textile substrates using 3D printing.

Fused Layer Modelling (FLM) is used for this purpose, in which thermoplastic materials are fed as a
filament to a heated nozzle, melted in it and then deposited in layers with the correct contours [9]. In
previous studies, the focus was on adhesion forces between printed material and textile substrates,
because sufficient adhesion is required for a successful functionalization [10-14].

Furthermore, 3D printed structures have been used to influence physical properties of textiles, such as
flexural strength [14], fabric draping [15] or abrasion resistance against wool fabric [16-20].

So far, no studies have been published on the production of very high abrasion resistance in combination
with compressible structures on textiles. The aim of this study is the production of abrasion-resistant and
compressible print patterns. The abrasion resistance should be effective against sandpaper instead of
wool fabric. The compressibility is to be created by different structures inside.

2 Materials and methods
2.1 Materials

Fabrics from the sector of work and protective clothing made of cotton (CO) or polyester/cotton (PES/CO)
blends with twill weave were used as textile substrates. Their properties, like basis weight (DIN EN 12127),
number of threads (DIN EN 1049-2) and thickness (DIN EN ISO 5084), were tested according to
international standards and are listed in Table 1.

Table 1. Textile properties.

Textile properties T T2 T3

material composition 100 % CO 100 % CO 65 % PES /35 % CO

description of finishing finished, shrunk flame retardant finished
impregnated, shrunk

basis weight (g/m?) 302.67 + 2.50 294,99 + 2.18 297.88 £ 0.98

number of warp threads (1/cm) 36.97 £ 0.217 29.70 £ 0.075 41.70 £ 0.274

number of weft threads (1/cm) 24.36 £ 0.06 19.20 £ 0.00 22.74 £ 0.06

thickness (mm) 0.55 £ 0.01 0.53 £ 0.01 0.52 £ 0.01

Four different 3D printing filaments with a Shore hardness of < 95 A were used as printing materials which
parameters are listed in Table 2.

Table 2. Parameters of printing material.

Print polymer Chemical basis Shore Hardness Printing Temperature (°C)
P1 polylactic acid (PLA) 92 A 210
P2 co-polyester (Co-PES) 95 A 220
P3 thermoplastic elastomer (TPE) 92 A 170
P4 thermoplastic polyurethane (TPU) 85 A 235

The system used for the project was the 3D material application system of CVM GmbH (Neukirchen,
Germany), which is installed at the Saxon Textile Research Institute (Chemnitz, Germany). The integrated



FLM module was used with a nozzle diameter of 0.4 mm. The textile substrate was clamped with the
clamping possibilities available on the system (Fig. 1).

Print material (filament)

Print head

Print bed (70 x 70 cm2)

Clamping bars for fixation
of textile substrates

Fig. 1 3D material application system with clamping bars for fixation of textile substrates.

2.2 Methods

For the printing tests, 3D structures were created using Rhinoceros 6 and included Grasshopper (McNeel
Europe S.L., Barcelona, Spain) as CAD software and then converted into machine-specific data for printing
using Repetier-Host (Hot-world GmbH & Co. KG, Willich, Germany) as slicer software.

The study is divided into three parts: Part 1 is the development of the abrasion resistant structures which
include data generation, printing and testing. The raw materials, pure printed layers and the printed
specimens were tested for their resistance to abrasion in accordance to the standard DIN EN 388, 6.1.
Two specimens each with a diameter of 38 mm were clamped in specimen holders and rubbed against
sandpaper (Klingspor PL31B, grit 180). The minimum number of abrasion cycles at breakthrough, i. e.
when holes are formed, is relevant for the evaluation of the material according to the performance levels
1 to 4 specified in the standard. The best possible rating is performance level 4, which is achieved when
no breakthrough has occurred after 8,000 cycles. The lower value from the abrasion test was used for the
evaluation.

Part 2 is the investigation of compressible properties which was performed parallel to abrasion tests. For
testing the compressible properties, specimens with a square base area of 70 x 70 mm? were produced
without a textile substrate. In accordance to DIN EN ISO 9863-1, the thicknesses tp, of the specimens
were determined under the specified pressures of p; = 2 kPa, p, = 20 kPa, p; = 200 kPa. With these
values the compressibility C according to equation (1) were calculated.

ty, —t
C — Pi P1 . 100 % (1)
tp1
In addition, the thicknesses were measured after a recovery period of 3 min at the pressure of 2 kPa (p4,)
to get the regeneration R according to equation (2).

t
R=-2-100% @)
tp1
Part 3 is the combination of the best results out of abrasion resistance and compressible properties which
was performed after the two previous parts. The 3D printing parameters which were used in every part are
listed in Table 3.



Table 3. 3D printing parameters.

Parameters Part 1 (abrasion) Part 2 (compressibility)
layer height (mm) 0.2 0.2
extrusion width (mm) 0.4 0.4
printing bed temperature (°C) 35 35
fill pattern rectilinear rectilinear
fill density (%) 100 100
exception: varying fill density FD (%) - FD, =5, FD, = 10, FD; = 20
3 Results

3.1 Abrasion resistance

The textile fabrics are destroyed after 50 (T1, T2) and 100 (T3) abrasion cycles which is less than
performance level 1. For further abrasion tests T1 was used because it is the fabric with lowest abrasion
resistance. The printing materials were tested individually as all-over print layers. A breakthrough in the
printed layers were found after P1 =4,400 cycles, P2 = 3,700 cycles and P3 = 5,500 cycles which is
defined as performance level 3. P4 shows no perforation in the printed layer after 8,000 abrasion cycles
(performance level 4). Because of their good abrasion resistance and printing properties, polymers P1 and
P4 were used for the further abrasion tests. A total of 16 abrasion protection structures were constructed
by factorial experimental design. The four factors with their levels are listed in Table 4.

Table 4. Factors and their levels for the generated abrasion resistant structures.

Factor Level 1 Level 2
1) geometry geometry A (diamonds) geometry B (Voronoi structures)
2) geometry size big geometries small geometries
for geometry A: side length a (mm) a; =15 a, =10
for geometry B: number of base points x  x; = 10 X, =20
3) area coverage ratio CR (%) CR; =60 CR, =80
4) print height H (mm) Heonst = 0.4 Hy.r = {0.4,0.6,0.8}

For the basic geometry two different approaches were followed. Geometry A consists of a uniform pattern
based on rounded diamonds with a rounding radius r = 2.5 mm. The diamond size was varied by the side
length a. Geometry B consists of algorithm based Voronoi structures. Thereby a rectangle is provided with
base points. The size of the Voronoi cells was determined by the number of base points x (Fig. 2a). The
structures were created once with a constant print height H.,,st = 0.4 mm. In addition, an algorithm was
used to set a variable print height of Hy,, = {0.4 mm, 0.6 mm, 0.8 mm} depending on the center of the test
surface. The centre point corresponds to the maximum height (Fig. 2b, c). A sample of the printed
specimens out of P4 on T1 is shown in Figure 2d.



a Geometry A: diamonds Geometry B: Voronoi
itm a; = 15mm a; = 10 mm Xy = 10

Fig. 2 Abrasion protection structures: (a) plan view of the test geometries; (b) perspective view of structure with
variable height (color-coded); (c) plan view of structure with variable height (color-coded); (d) printed sample with
Voronoi geometry.

Five parameter combinations have reached the maximum performance level 4 (Figure 3). These
combinations were manufactured with P4 and variable print height. The print height is a very important
parameter to improve abrasion resistance. It is not necessary to increase the print height uniformly over
the entire surface. As the results show, it is sufficient to strengthen the center of abrasion protection
structures. In this case, the 3D printing process can show its advantages when printing variable heights
without the need for different stencils. The figure also shows that the area coverage ratio is another
influential parameter. As expected, higher area coverage results in better abrasion resistance. In most
cases, a variable print height leads to the same improvement as increasing area coverage ratio. These
results mean that both parameters can be used for improvements depending on the printing time. In
contrast, the geometry as well as geometry size has less influence on the abrasion resistance.

5 e E—— ] |

2 small geometries I

5 pree— |
g £ big geometries | 3 |
T © < small geometries
g § . |
S S big geometries WP, Hegpe
& @ small geometries M | SP1, Hyay
2 o
g 2 2 big geometries M ‘ P4, Heonst
£Q =T ) ‘ P4, H,.,,

© < small geometries
1S
S big geometries M

o_

1 2 3 4
Performance level

Fig. 3 Achieved performance levels of the different parameter combinations grouped by material and print height.

3.2 Compressible properties

The compressible structures were created using two different design approaches. On the one hand, the
fill density FD of a cuboid was varied within the slicer software: FD, = 5 %, FD, = 10 % and FD3; = 20 %.
In each case nine layers with the corresponding fill density and additionally completely filled base and top
layers were set. On the other hand, the closed base and top layers were connected in the second approach
by constructed dampening bars. These bars were created in CAD software with an overhang angle of a =
45° and a varying number of turns n (Figure 4). A single bent bar (one zigzag) corresponds to one turn
(n=1).

7



Slicer software:
fill density

FD; = 5% 10mm||FD, =10% 10.mm |FD3 =20% 10 mm

CAD software:
number of turns

Fig. 4 Internal structures created by varying fill density in slicer software (top) and structures created in CAD
software with dampening bars depending on the number of turns n (bottom).

The compressibility C depends on the printing material, the test pressure and the geometry of the inner
structure (Figure 5). Polymer P4, which has the lowest Shore hardness, is more compressible. At a test
pressure of 20 kPa, the compressibility hardly differs between the different geometries. For specimens
printed with P1 and P2 compressibility is lower if the fill density is varied instead of the number of turns.
For samples made of P4 it is the other way around. At a fill density of 5 %, the compressibility of specimens
printed with P4 increases clearly up to 17 %. It was not possible to print samples out of P3 with fill density
of 5 % because of printing process purposes. The printed strands fell into the cavities. That is why the top
layers were too uneven to get tested. At a test pressure of 200 kPa the compressibility values are
significantly higher. The variation of the fill density leads to differently strong rising values, while the
compressibility is increased more evenly by changing the number of turns. The highest compressibility is
53 %, which is reached by P4 samples with FD; = 5 %.

The quality and durability of the compressible structures were analyzed by regeneration R (Figure 6). The
structures of all polymers except P1 have regenerated with values of 97.9 % < R < 100.0 %. The samples
made of P1 contain regeneration values of 83.6 % < R < 100.0 %. The minimum regeneration occurred at
FD; = 5 %. This significantly less regeneration indicates a damage of the inner structure of the samples of
P1 at this fill density. This conclusion is supported by crackling noises when the samples are compressed
after the test.

Overall, both design approaches are suitable for creating cavities to achieve structural compressibility in
addition to the material compressibility. The first design approach with the fill density has less engineering
effort. Thus the fill density can be easily changed in slicer software. But this parameter cannot be varied
within a single object. This means, for example, that the object has the same fill density in the middle as
at the borders.

The second design approach using the number of turns or other designs generated in CAD software rather
than slicer software is much more customizable. Therefore, the second approach can be used to create a
variable internal structure depending on the required compressibility.
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Fig. 5 Compressibility C depending on material with (a) test pressure of 20 kPa and varying fill density; (b) test
pressure of 20 kPa and varying number of turns; (c) test pressure of 200 kPa and varying fill density; (d) test
pressure of 200 kPa and varying number of turns.
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Fig. 6 Regeneration R depending on material and (a) fill density; (b) number of turns.



3.3 Combination of abrasion-resistant and compressible properties

Finally, the best results of the previous structures were selected to produce 3D prints with abrasion
resistance and compressibility. The combination of both properties can be used to create novel individual
products with good wearing comfort and functionality in line with requirements. Figure 7 shows a printed
sample made of P4 on T1 with abrasion-resistant structure out of diamonds with an area coverage ratio of
80 % and variable print height of h,,, = {0.4 mm, 1.2 mm, 2.0 mm, 2.6 mm}. The print height is higher than
in previous abrasion tests because the dampening bars with n = 0.5 were included as internal structure
for compressible properties. The combination of these properties can be used in protective structures in
functional and sports clothing.

Fig. 7 Printed sample of diamond structures with variable print height for abrasion resistance combined with
dampening bars for compressible properties.

4 Conclusions

Using 3D printing, structures were created that increase the abrasion resistance of the examined cotton
fabric from 50 abrasion cycles to over 8,000 cycles. The printing material, the print height and the area
coverage ratio are the most important parameters to improve the abrasion resistance. It is sufficient to
increase the print height at the center of the abrasion protection structure. Both design parameters, print
height and area coverage ratio, can be used for improvements depending on the printing time. The
geometry as well as the geometry size has shown less influence on the abrasion resistance.

Materials with a Shore hardness of < 95 A were used. By adapting the internal structure of the three-
dimensional designs, it is possible to achieve a compressibility of up to 53 %. While varying the fill density
has less engineering effort, generating specific inner structures in CAD software is much more
customizable. Therefore, the second approach can be used to create a variable internal structure
depending on the required compressibility. When selecting the appropriate structure, the ability to
regenerate must also be taken into account because damages of the internal structure at FD; = 5 % for
P1 specimens were detected.

The results contribute to the extension of the application possibilities of 3D printing on textile substrates.
The combination of both properties, abrasion resistance and compressibility, can be used for new types
of individual products with good wearing comfort and functionality that meet the requirements. Thus, these
results are relevant especially for the areas of functional, protective and sports clothing.
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The main purpose of the research is to model the electro-conductive
properties of the woven structure based on the mixing model. The
generalized Archie's law for analysis of the woven structure and its
conductivity was chosen. The generalized Archie’s law can be
applied to objects containing pores filled with phases. The phases
are pathways enabling conduction. The remaining part is a non-
conducting matrix. The model of the composite was transferred to
a woven structure. Electro-conductive components of woven
structure i.e. strips and contacts of strips were treated as conducting
phases in the structure. The remaining part is pore space
corresponds to the matrix. Based on generalized Archie’s law, the
connectivity as being a measure of how the components of the
whole structure are arranged, and the connectedness of a given
phase as being a measure of the availability of pathways for
conduction through that phase was determined for all structures. It
was found that the connectivity of the strips phase is higher than the
connectivity of the contacts of strips phase. It means that the strips
phase (in terms of their quantity) has a greater effect on the
conductivity of the woven structure than the contacts of strips
phase. A decrease of the connectedness of strips and contacts of
strips phases (in terms of their quality) can be obtained by adding
another component to the woven structure which will reduce the
conductivity of the structure.

© 2020 The authors. Published by CDAPT.

This is an open access article under the CC BY-NC-ND license
https://creativecommons.org/licenses/ peer-review under
responsibility of the scientific committee of the CDAPT.

12


https://creativecommons.org/licenses/

1 Introduction

Textile materials are fundamental components of our everyday lives. Nowadays, consumers are becoming
more and more demanding. Especially, they expect clothing to contain many functionalities. By combining
traditional textiles and new fabrication technologies, we can achieve new functionalities [1-3]. As a resullt,
the area of applications of textiles has been expanded. Created smart textiles can be used in every-day
clothing integrated with electronic elements such as displays, controls, and keyboards enabling e.g. the
monitoring of physiological signals [2]. Smart textiles contain e-textiles which due to their electro-
conductive properties have wide possibilities of applications. They include electrical circuits, transmission
lines, antennas, heating elements, electrodes, sensors, EMI shielding materials [2,4-6,7].

The e-textiles are in particular woven fabrics-based. Modeling of the electro-conductive properties of a
woven structure is important for designing new textile elements integrated with clothing. Simulation tools
make it possible to predict their electro-conductive properties. To determine resistivity, models based on
equivalent resistance schemes are used for regular fabrics with yarns being ideal resistors of known
resistance [8,9].

The resistivity of woven fabric which is much more complex and shows anisotropy of electrical properties
is modeled using the McLachlan equation [10,11]. The McLachlan equation was derived for the
conductivity of binary mixtures with anisotropic grain structures [12]. The dependence also works for
woven fabrics treated as metal-dielectric composites where conductive linear components (yarns) create
a system of empty spaces filled with dielectric air. A prediction level was in the range of 83-88% for fabrics
with surface percentage cover above 96% [11]. This may be because the contact resistance resulting from
the interlaced yarns [7,9] was not taken into account in the study. In the article a new approach to modeling
the electro-conductive properties of woven structure was proposed based on a mixing model. The
generalized Archie's law developed by Glover [13,14] was chosen. The conductivity of contacts was taken
into account in assessing the electro-conductive properties of the woven structure based on the model.

2 Materials and Methods
2.1 Woven structures

The generalized Archie’s law can be applied to objects containing pores filled with phases. The phases
are pathways enabling conduction. The remaining part is a non-conducting matrix. The model of the
composite was transferred to a woven structure composed of interlaced conductive narrow strips. In the
woven structure, the conducting phases are strips and contacts of strips. Due to different conductivities of
components, electrical conductivity takes place to varying degrees. The remaining part is pore space filled
with dielectric air. It should be emphasized that in the proposed model, the pore space of the woven fabric
are not identical with the pores of the model described by generalized law, but oppositely with the non-
conducting matrix.

Three woven structures were designed from the same kind of strips. The same dimension (9 cm x 13 cm)
of each structure is assumed. It was assumed that the number of weft and warp stripes is the same i.e.
3x3, 4x4, and 5x5. The different number of stripes constituting the weft and warp of the woven structure
enabled obtaining structures of different densities.

Nine different woven structures were created using strips of 1 cm wide cut from three different textile
materials (woven fabrics). Characteristics of the materials which are important from the point of view of
electrical conductivity are given in Table 1.

The linear resistance of 1 cm wide strips was determined based on the four-electrode method according
to EN 16812:2016 standard [15]. The thickness was determined based on EN ISO 5084:1996 standard
[16]. Measurements of strip resistance were repeated 10 times, while woven fabric thickness 5 times. The
coefficient of variation CV was given in parentheses.
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Table 1. Characteristics of textile materials used for strips.

Woven fabric Raw material Manufacturer Linear resistance Thickness
composition (Q/cm) (mm)

A 100% polyamide woven  Laird PLC, GB 0.035 (4%) 0.124 (4%)
fabric; nickel and copper
metalized

B 100% polyester woven Soliani EMC, ltaly 0.180 (6%) 0.078 (6%)
fabric; nickel metalized

C 100% polyester woven Soliani EMC, ltaly 0.246 (9%) 0.270 (4%)

fabric; nickel metalized

Summarizing, each woven structure was composed of two conducting phases (strips and contacts of
strips) and one non-conducting phase (pore space).

2.2 Mixing model

Many types of mixing models are used to determine the electrical properties of porous materials. One of
them is Archie’s law [17] extended for n phases and known as the generalized Archie’s law [13]. The
Archie’s law is empirical quantitative relationship between porosity, electrical conductivity, and brine
saturation of rocks [17]. It describes a relationship of the conductivity o of a clean reservoir rock to its
porosity ¢ and the conductivity of phase or (e.g. fluid) that completely saturates the pore space. There is
also cementation exponent m related to the degree of cementation of the rock fabric. Archie’s law can be
expressed as follows [13]:

oc=orf" (1)

where: o— the bulk effective conductivity of the rock; or — the conductivity of the fluid occupying the pores;
¢ — the volume fraction of the fluid phase; m — the cementation exponent.

Small exponent (m<2) occurs for high connectivity phases. Pores that are well connected provide an
efficient pathway for the fluid flow. Large exponent m (m>2) occurs for low connectivity phases. The
cementation exponent m dependents on the shapes and type of the sedimentary rocks grains, shape and
types of pores, specific surface area, tortuosity, anisotropy, and compaction.

Archie’s object can be compared to a woven structure composed of two conducting phases (strips and
contacts of strips) and one non-conducting phase (pore space). The generalized Archie’s law applied to
the woven structure can be given as follows [13]:

— Mth Mcont
Ostr = ath¢th + Ocont Coiftn (2)

where: o — the woven structure conductivity in Qecm; om, oeont — the strips and the contacts of strips
phases conductivity in Qcm-, respectively; ¢, decont — the strips and the contacts of strips phases volume
fraction, respectively; mm, meont — the exponents of strips and the contacts of strips phases, respectively.

Each of the exponents the generalized law share the same physical meaning as those in the classical
Archie’s law.

To find the exponents of strips and the contacts of strips phases additional dependence is needed [13]:

bn) 2 bin men — () 3
Ty Meone + ¢th T Meont = Py = ( )

It was stated that the sum of the volume fractions of all of the phases in porous material must equal unity.

The same assumption was adopted for the sum of the connectedness of all of the phases in the porous
material.

Based on Eq. 2 and Eq. 3 the exponents of phases can be determined unequivocally.
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The woven structure can be described using two parameters: the connectedness and the connectivity
defined by Glover [13] and Glover and Walker [14]. The connectedness G of each phase is given by:

G = e (4)

Oi

where: o — the woven structure conductivity in Qcm-*; o; — the i-th phase conductivity in Qcm-'.

The connectedness of a given phase is a measure of the availability of pathways for conduction through
that phase.

The connectivity y for each phase is defined as:
2= (5)
where: ¢ — the i-th phase volume fraction; m; — the i-th phase exponent.

The connectivity is a measure of how the components and therefore the pore space is arranged.

2.3 Measurement methods

To determine the exponents of strips and the contacts of strips phases, the conductivity of strips, the
conductivity of contacts of strips, and the conductivity of woven structure are needed to be identified. The
resistance of strip can be determined based on the four-electrode method (Fig. 1a) according to EN
16812:2016 standard [15].

(a) (b) (c)

Fig. 1 Resistance measurement (a) Strip; (b) Contact of strips; (c) Woven structure.
The conductivity of strip om can be determined based on its linear resistance (Table 1). Therefore the
dependence is as follows:

Oth = g ®)

where: R, — the linear resistance of strip; d — the strip width (d = 1 cm); h — the strip thickness.

The resistance of strips contact can be determined using the four-electrode method (Fig. 1b) described in
detail [18]. The conductivity of strips contact ozont can be calculated from the following dependence:

1
Ocont = 55, (7)
2Rh

where: R — the resistance of strips contact; h — the strip thickness.
The resistance of woven structure can be performed using two electrodes, four wires method (Fig. 1c)

according to AATCC 76-2018 standard [19]. The conductivity of woven structure o can be determined
using the following formula:
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l
Ostr = —m (8)
wherein

h’ = Zh'Ccont + h'Cth (9)

where: R — the resistance of woven structure; / — the electrodes spacing (/ = 9 cm); w — the structure width
(w =13 cm); h’— the averaged fabric thickness; Ccont — the fraction of contacts of strips in whole woven
structure; Cs — the fraction of strips in the whole woven structure.

3 Results and Discussion

Analysis of designed structures was conducted. The fraction Ci and Ceont Of strips and contacts of strips,
respectively, in the whole structure was determined (Table 2). Remaining part is pores, from which the
porosity of the woven structure results.

Table 2. Fraction of strips and contacts of strips in woven structure.

Woven structure density Fraction of strips Fraction of contacts of strips
(stripsxstrips) Cin(-) Ccont ()

3x3 0.410 0.077

4x4 0.479 0.137

5x5 0.513 0.214

Based on measurement results and Eq. 6 and Eq. 7, conductivities ow and owonr Were determined
respectively. Based on the values of parameters Ci and Ccont (Table 2) and fabric thickness h (Table 1),
the averaged fabric thickness h’ was calculated (Eq. 9) for each designed structure. Next, according to
Eq. 8, conductivity os- was determined for each woven structure. Moreover, two phases volume fractions
¢n and ¢@eont Were determined based on the spacing of strips, the width of strips, and the assumed
dimension of the whole woven structure. The sum of the two volume fractions (conductive phases in woven
structure) is equal to unity. Solving simultaneous equations (Eq. 2 and Eq. 3), the exponents of phases
my and meont Were determined. The received results are juxtaposed in Table 3. The coefficient of variation
was given in parentheses for parameters determined based on measurement results.

Table 3. Parameters of woven structures and their components based on the generalized Archie’s law.

Woven Oth Ocont Ostr dth Peont mtn Mcont
structure (Qcm) (Qcm) (Qcm™) () () () ()
3x3 A 2291 (4%) 3200 (17%) 1032 (7%) 0.84 0.16 4.7 3.0
3x3 B 712 (6%) 3339 (13%) 302 (2%)  0.84 0.16 5.2 3.0
3x3 C 150 (9%) 146 (11%) 69 (1%)  0.84 0.16 45 2.9
4x4 A 2291 (4%) 3200 (17%) 967 (4%)  0.78 0.22 3.6 3.1
4x4 B 712 (6%) 3339 (13%) 286 (7%)  0.78 0.22 4.0 3.2
4x4 C 150 (9%) 146 (11%) 70(9%)  0.78 0.22 3.1 3.1
5x5 A 2291 (4%) 3200 (17%) 911 (5%)  0.71 0.29 2.8 3.4
5x5 B 712 (6%) 3339 (13%) 286 (7%)  0.71 0.29 3.2 34
5x5 C 150 (9%) 146 (11%) 68 (4%)  0.71 0.29 2.4 33

Pearson’s correlation coefficient Rp was used in statistics to measure how strong a relationship is between
the conductivity of strips, contacts of strips, and whole woven structure. The significance level equals 0.10
was assumed. It was noticed that for couples o, ocon, and owont, ostr, @ strong uphill (positive) linear
relationship is observed; Rp = 0.675 and Rr = 0.661 were received respectively. For a couple of o, ostr,
an almost perfect uphill (positive) linear relationship was noticed (Rr = 0.997). This is due to the fact that
the strips phase volume fraction ¢ this greater than the contacts of strips phase volume fraction geont.
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Relatively small values of ¢w.nt and low level of diversity of woven structures were reflected in the
comparable values of phase exponent mceont. For all woven structures the average value of the parameter
equals 3.16, whereas CV is equal to 6%. Values of ms were considered in groups divided by structure
density. Therefore following results were obtained for structures: 3x3, my =4.84, CV = 8%; 4x4, my, = 3.58,
CV =12%; 5x5, msn = 2.79, CV = 14%. In addition to structure features, the exponents also depend
indirectly on the conductivity of individual components. This is due to the mixing model (Eq. 2). It can be
generally stated that the even woven structure (see Fig. 1c), where identical pores in the shape of
rectangles and conductive phases are evenly distributed throughout the structure, characterizes large
values of phase exponent (above 2). Therefore the low connectivity of conductive phases occurs. The
smaller the woven structure density, the larger the phase exponent m.

Next, the connectedness G (Eq. 4) and the connectivity y (Eq. 5) for each phase were calculated and given
in Table 4.

Table 4. Parameters describing electro-conductive woven structure.

Woven structure Gt () Geont () zth (<) Zeont (=)
3x3 A 0.45 0.32 0.53 0.03
3x3B 0.42 0.09 0.48 0.02
3x3C 0.46 0.48 0.54 0.03
4x4 A 0.42 0.30 0.53 0.04
4x4 B 0.40 0.09 0.47 0.04
4x4 C 0.46 0.48 0.58 0.04
5x5 A 0.40 0.28 0.53 0.05
5x5 B 0.40 0.09 0.47 0.05
5x5 C 0.45 0.47 0.62 0.06

The connectedness of the strips phase and the contacts of strips phase indicates the availability of the
pathways for conduction through this phase. Therefore it is a qualitative feature. The conductivity of each
phase was higher than the conductivity of the woven structure therefore values of G are in the range of
(0,1). It was noticed, that adding another component to the woven structure can reduce the conductivity of
the structure, which results in a decrease of parameter G (Table 4).

It was found, that the connectedness of both phases slightly increases with decreasing woven structure
density. It is particularly visible for both phases of woven structures designed using strips of the woven
fabric denoted as A (Fig. 2a). The extent to which the strips phase and the contacts of strips phase affect
(in terms of their quality) the conductivity of the woven structure depends on woven fabric. In most cases,
the impact of the strips phase is greater than the contacts of strips phase as shown in Fig. 2a.

(a) (b)

3x3A ®
08 O JXeont
5x5B 3x3C
5x5A 4x4 A

4x4 C 4x4 B

Fig. 2 Parameters of strips and contacts of strips phases (a) Connectedness; (b) Connectivity.
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The connectivity indicates how components are arranged in a woven structure. The values of connectivity
y are greater than 0. The effect of strips phase and contacts of strips phase on the woven structure
conductivity are presented in Fig. 2b.

The larger values of yn compared to yecont mean that the strips phase (in terms of their quantity) has a
greater effect on the conductivity of the woven structure than the contacts of strips phase. It was observed
for all woven structures. However, it should be noted, this parameter is related to phase exponent which
indirectly implies the impact of the components’ conductivity on the connectivity value.

4 Conclusions

It was found, that the chosen mixing model can be used to modeling the electro-conductive properties of
woven structure which consists of electro-conductive components i.e. strips and contacts of strips treated
as conducting phases in the whole structure.

A strong uphill linear relationship was observed for conductivities of strips and contacts of strips phases,
and also for conductivities of contacts of strips and woven structure. An almost perfect uphill linear
relationship was observed for conductivities of strips and woven structure.

A decrease of the connectedness of strips and contacts of strips phases (in terms of their quality) can be
obtained by adding another component to the woven structure which will reduce the conductivity of the
whole structure.

The larger values of connectivity y» compared to y.on: mean that the strips phase (in terms of their quantity)
has a greater effect on the conductivity of the woven structure than the contacts of strips phase. However,
contacts of strips must be taken into account in assessing the electro-conductive properties of the woven
structure. The generalized Archie’s law enables such analysis and from this point of view, it is better than
the McLachlan model.

By designing the same structure but from other components, you can predict the conductivity of the new
structure based on parameters determined from the mixing model. It was found that the phase exponent
Meont €quals 3.16 for all woven structures and the exponent my, equals 2.79, 3.58, and 4.84 for structures
5x5, 4x4, and 3x3, respectively. The smaller the woven structure density, the larger the phase exponent
ms. Having a well-defined electrical conductivity, volume fraction, and exponent for all phases, the
electrical conductivity of the whole composite can be calculated and compared to the experimental result.
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In this study, we have explored and discussed the data mining-
based solutions to apparel size assignment using an approach
principle, K-means clustering, and support vector machine,
respectively. A case of mass customization for men's pants in China
with 200 adult males were employed to validate and evaluate the
solutions. After anthropometric data acquisition and preprocessing,
three key body dimensions were identified based on hierarchical
clustering as well as their ranges and fit models. Sequentially, we
calculated all the possible values of the distance between the target
population and fit models by the enumeration algorithm. Afterward,
we assigned the garment sizes for the target population using the
above mentioned data mining approaches. Finally, the solution
based on the support machine was considered as the optimal
solution for the pant mass customization after being
comprehensively assessed by the aggregate loss of fit, the number
of poor fit, accommodation rate of ideal fit, and the number of
garment size employed, since it employed only 48 sizes to reach
the accommodation rate of target population up to 82%. The
experimental results demonstrate that the present solution is a low-
cost method for the size assignment by exploiting the potentials of
existing sizing system, instead of creating new sizing systems, and
also easy to be flexibly extended to any types of garments.
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1 Introduction

Among all facets associated with the purchase decisions of consumers, wearing comfort represents a
fundamental and central concern, which is linked inextricably with a garment fit, which largely relies on the
garment design and the relative size between body and clothing [1]. Appropriate garment fit can not only
provide the adequate space allowance for body movements, but also give consumers a rewarding
experience of self-expression and self-image [2]. Most recently, with the rapid development of mobile e-
commerce, along with the convenient shopping way, the personalized demands for garments such as
styles, colors, and fit have been dramatically enhanced. Enterprises have paid attention to mass
customization (MC) in the clothing industry [3]. MC means enterprises are driven by personalized orders,
offering individualized products by the industrial manufacturing process. Contributing to the advanced
manufacturing technologies, i.e., 3D whole-body scanning, virtual reality, and apparel CAD/CAM, the
garment enterprises can realize the customization using the full automation systems preliminarily.
However, such a manner could not be made available and flexible under the circumstances of MC, i.e.,
small series production. Furthermore, the high costs of expensive systems with advanced technologies
also hinder their applications in the garment MC. Therefore, it is a paramount issue of how to meet the
needs of individual consumers, while getting the benefits of economy of scale should be concerned
comprehensively [4].

Ordinarily, in the context of MC, garments are manufactured following the process illustrated in Fig. 1. First
of all, the anthropometric data of target consumers are acquired after the personalized garment order is
placed and signed. Before drafting the garment patterns for the target population, the body sizes and
garment sizes are identified and determined based on the sizing system and the returned merchandising
reports. Afterward, the products are produced by the industrial manufacturing process. In this way, the
garment sizing system is the inextricable linkage of the development of personalized garments and the
industrial manufacturing process. With the help of sizing system, the manufacturers could only utilize a
limited number of patterns, while simultaneously catering to the fit requirements of the individual consumer
in the industry. Besides, the correct assignment for apparel sizes is said to have the advantage of
predicting sales of diverse sizes and determine production quantities, resulting in the accurate material
cost control and manufacturing planning. However, the size assignment is still a challenging issue to
resolve in the garment MC. Much of research have examined the utilization of advanced technologies,
such as traditional step-wise methods, multivariable approaches, and optimization techniques, concerning
the assignment of apparel sizes [5-11]. Nevertheless, plenty of the studies concentrated on establishing a
new sizing system only, instead of exploiting the potentials of the existing sizing system. The effectiveness
and feasibility of the new sizing system still need to be further verified. In practice, improving the existing
one is more economical than developing an alternative. Moreover, the improved one can be more easily
implemented by the operators in the enterprises.
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4 .. h \ \ J
Signing | | — T
personalized order v .
h g ( Assigning 10 Garment \‘ ( )
1 | . .
. . L f:
p | garment sizes ! sizing system J} Cutting fabrics
.. AN N _______ ’
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anthropometric data v
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Drafting Industrial
garment patterns manufacturing
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Fig. 1 Flowchart of garment mass customization

Data Mining (DM) is an interdisciplinary technique focusing on exploiting useful knowledge from a large
dataset, involving the application of algorithms that explore the data, develop models and discover the
useful knowledge that supports decision making, which has been viewed as an efficient tool of solving
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complicated engineering problems [12]. Therefore, an approach of optimizing sizing assignment toward
MC was proposed based on the DM technique in this study, to fulfill the individualized fit requirement for
consumers with few quantities of sizes.

2 Method
2.1 Research scheme

Fig.2 presents the research process in this study. Research work can be split into five sequential
procedures, i.e., an anthropometric data acquisition, data preprocessing, body size identification, apparel
size assignment, and evaluation. We mainly took into account the following factors affecting the size
assignment: the target population, garment, standard sizing system, manufacturer as well as the market
feedback.

Step 1: The anthropometric data of the target population were measured according to the desired garment
style. Both the manual and automatic machine measurement are available.

Step 2: The data noises are inevitable during the process of data acquisition. To minimize the impact of
data noises, we preprocessed the original data obtained in the previous step using the detection of outliers,
descriptive analysis, and test of normality.

Step 3: The hierarchical algorithm identified key body dimensions of the target population.

Step 4: According to the target population and the relevant standard sizing system, we determined the
intervals, fit models, and size range. The assignment of apparel sizes was executed using approaching
principle, K-means clustering, and support vector machine, respectively.

Step 5: The optimal solution to size assignment was found by evaluating the experimental results

eventually.

Anthropometric data acquisition

l —* | Detection of outliers

Anthropometric data preprocessing °

L e e e e e e

l Lo 1 Test of normality :

Human body size identification S .

l —e : Intervals setting |
—e : Fit models determination :
Apparel size assignment L, Size range judgement :

|

Evaluation

Fig. 2 Research scheme
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2.2 Applied algorithms
2.2.1 Hierarchical clustering algorithm

To reflect how the body dimensions are merged or divided evidently, the hierarchical clustering algorithm
was employed to identify the key body dimensions after anthropometric data of the target population were
captured and preprocessed.

2.2.2 Enumeration algorithm

Enumeration algorithm was utilized by listing all the possible values while computing the distance between
the body dimensions of target population and the dimensions of the fit models.

2.2.3 K-means clustering algorithm

K-means algorithm is a popular partitioning approach. The classic clustering procedure was as follows: (a)
Choose K as the number of clusters; (b) Initialize the cluster centroid vector {c1,cz,...,c}; (c) For each new
object vector, calculate the distance between the new object vector and cluster centroid vector; (d) Assign
the new object to its closest cluster centroid, and re-compute the centroid of the closest cluster with the
new object; (e) If the position of any cluster centroid changed, return to (c), otherwise, stop.

2.2.4 Support vector machine method

Due to the distinct advantages, i.e., an excellent generation performance, fast convergence, and
robustness for noise, support vector machine (SVM) have been diffusely applied in solving nonlinear, high-
dimensional pattern recognition, classification, and regression problems. SVM was introduced to assign
garment size in this work.

3 Test

In this section, we adopt a case of men's pants to interpret the implementation of the present solution to
the garment size assignment.

3.1 Data acquisition

Owing to the advantages of taking automatic body measurements in a manner of non-contact precisely
and expeditiously, we procured the anthropometric data of 200 adult males aged from 18 to 55 using the
Vitus Bodyscan shown in Fig. 3.
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Fig. 3 Vitus Bodyscan

According to the characteristics of the garment type and the relationship with garment pattern blocks, we
extracted nineteen lower body measurements from the whole body datasets. They were: stature, waist
height, abdomen height, hip height, knee height, inseam length, waist girth, abdomen girth, hip girth, thigh
root girth, mid-thigh girth, crotch length, knee girth, waist width, hip width, waist depth, abdomen depth,
mid-hip depth, and hip depth. Fig. 4 demonstrated, how the body dimensions were measured.

Head Line

Waist Line
Abdomen Line
Hip Line
Crotch Line

R

Mid-thigh Girth

Knee Line i
Knee Girth w

(a)Front view (b)Side view (¢)Back view

=— Hip Height
k— Abdomen Height
t——  Waist Height

Heel Line

Fig. 4 Diagram of lower body measurements

3.2 Data preprocessing
3.2.1 Detection of outliers

In the statistical analysis, the outliers are a set of data to be an observation or subset of data that appears
to be inconsistent with the remainder of that set of data. Outliers in a set of data will influence the modeling
precision. Thus, the original data were conduct outlier analysis by the method of 3o-rule. Once the outliers
were detected, the data will be re-measured and executed outlier analysis again. If they were still outliers,
it could be inferred that they were particular dimensions. We maintained all the particular dimensions in
this study.

3.2.2 Descriptive analysis

Descriptive analysis is a simple, straightforward, and practical approach to mirroring the data features. The
features of the experimental data were presented in Table 1.
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Table 1. Description of the anthropometric dimensions

Measurements Sample number Minimum Maximum Mean Standard
[cm] [cm] [cm] [cm] deviation
[cm]
Stature 200 150.85 183.21 166.04 5.32
Waist height 200 93.42 116.41 102.89 4.09
Abdomen height 200 83.50 102.76 92.28 413
Hip height 200 72.30 88.12 80.06 3.40
Knee height 200 39.28 49.72 44.34 2.16
Inseam length 200 64.45 83.34 74.55 3.79
Waist girth 200 61.21 101.90 79.75 8.87
Abdomen girth 200 63.10 101.95 82.41 7.50
Hip girth 200 76.57 105.25 90.69 5.04
Mid-thigh girth 200 40.10 58.00 49.03 3.48
Crotch length 200 65.50 90.30 77.50 4.67
Knee girth 200 31.80 41.50 36.17 1.92
Thigh root girth 200 42.20 62.90 51.67 3.87
Waist width 200 21.25 32.46 26.64 2.37
Hip width 200 28.00 35.70 31.81 1.55
Waist depth 200 14.10 29.35 20.73 3.1
Abdomen depth 200 14.70 27.90 20.84 277
Hip depth 200 15.40 26.35 20.63 2.28
Mid-hip depth 200 15.82 25.87 20.95 2.08

3.2.3 Test of normality

The normality test was utilized to check if the data sample deviates from the Gaussian distribution. In this
study, all the measurements were tested for the normality. From Fig. 5, the data of waist girth agreed with
the normal distribution. After being tested, all the measurements used in this study were following the
normal distribution.
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Fig. 5 Histogram of waist girth

3.3 Preparation for garment size assignment
3.3.1 Key body dimension identification

Key body dimension (KBD) denotes the essential dimensions influencing the garment fit [13]. Since the
hierarchical clustering algorithm has the advantages of ease of handling any attributes type and
interpreting the consequence, we applied it to identify the KBD in this study. The dendrogram (see Fig. 6)
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presented the clustering results and order for each anthropometric measurements. All of dimensions could
be split into three blocks. Stature, waist girth, and hip girth were the first dimension clustered in each block.
Therefore, they were selected for the KBD in this study.
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Fig. 6 Dendrogram of hierarchical clustering

3.3.2 Intervals setting

Considering the specific target population, characterized by its region, age, and gender, and the required
garment represented, represented by its style and type, the standard sizing systems for garments - Men
(GB/T 1335.1-2008) in China was taken into account. According to this sizing system, the intervals for the
statue, waist girth, and hip girth were set to 5 cm, 2 cm, and 1.6 cm, respectively.

3.3.3 Fit models determination

Fit models refer to the basic sizes, which are selected by the companies to cover their whole target market
[11]. According to the range and the intervals of KBD, we determined the fit models by the sequential steps:

1) Setting the grade of each KBD
Stature: 155, 160, 165, 170, 175, 180, and 185;
Waist girth: 62, 64, 66, 68, 70, 72, 74, 76, 78, 80, 82, 84, 86, 88, 90, 92, 94, 96, 98, 100, and 102;

Hip girth: 77.2, 78.8, 80.4, 82, 83.6, 85.2, 86.8, 88.4, 90, 91.6, 93.2, 94.8, 96.4, 98, 99.6, 101.2, 102.8,
104.4, and 106.

2) Assigning the fit models

Since there were 7, 21, and 19 grades in the stature, waist girth, and hip girth, respectively, 2793 fit models
were determined in total.

3.4 Garment size assignment

In this section, we assigned the garment sizes in the light of approaching principle, K-Means clustering,
and support vector machine method, respectively.

3.4.1 Application of approaching principle

The enumeration algorithm was introduced to calculate the distances between the target population and
fit models. Moreover, the distance was computed by the formula (1). For each instance, the closest fit
model filtered out according to the distances was chosen as the optimal garment size. In this phase, we
arranged 159 sizes for the target population.
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3.4.2 Application of K-means clustering

Before clustering, the initial centroids should be determined. We set the initial centroids following the
distribution of key body dimensions in the standard sizing system. For instance, in the standard sizing
system GB/T 1335-2009, if the statue equals to 155 cm, the range of waist girth (WG) is from 62 cm to 74
cm. Since the interval of WG is 2 cm, there are six grades for WG except for 68 cm. For hip girth (HG), the
range is set in [77.2, 85.2], and the interval is 1.6 cm. It could be inferred that there are six grades for HG.
Consequentially, there exist 36 sizes for the statue of 155 cm. For other grades of stature, the number of
sizes was computed through the same process. In total, we chose 669 sizes as the initial centroids.
Afterward, the target population was classified using K-means clustering with the fixed initial centroids.
Finally, 112 sizes were assigned.

3.4.3 Application of support vector machine

Based on the result of section 3.4.2, we classified the garment sizes by the support vector machine (SVM).
The parameters of penalty factor C and spread factor g have a significant impact on the performance of
SVM for class. We searched the optimal combination of C and q using the grim search technique. Finally,
we employed 48 sizes, when the parameters of C and g equaled to 4.351 and 0.023.

4 Results
4.1.1 Indexes for evaluating the effects of size assignment
(1) The aggregate loss of fit

The aggregate loss of fit stands for the averaged distance between the body dimensions of instances and
dimensions of the selected garment size, calculated by the formula (2), which has been considered as a
general criterion for evaluating the sizing selection [14]. Hence, the aggregate loss was employed in this
work. A lower aggregate loss indicates that the shorter distance between the body and the selected size,
in which case the garment is considered to have better fit. An optimal solution for garment size selection
would have the lowest value of aggregate loss.

di—ci
Daye = 2l n il (2)
where: d; represents the body dimensions of the instance, ¢; stands for the dimensions of the selected
garment size; n refers to the number of instances.

(2) Number of poor fit and the accommodation rate of ideal fit

The ideal aggregate loss was about 3.58 cm presented by Gupta [13]. Based on this criterion, the case,
in which the distance between the body and the selected size exceeded 3.58 was regarded to have a poor
fit. Otherwise, the case, in which the distance did not exceed 3.58 was viewed as the one, which has an
ideal fit. The accommodation rate of the ideal fit was calculated by the formula (3).

Ryce = ni;i\;ml 3)

where: n;4.4; represents the number of individuals with the ideal fit; N refers to the total amount of the
individuals.

4.1.2 Evaluation of apparel size assignment

Table 2 demonstrates the results of apparel size assignment based on the approaching principle, K-means
clustering, and support vector machine, respectively. Among the three methods, the aggregate loss of fit
and the poor fit number of the solution using approaching principle was the lowest, while the accommodate
rate of ideal fit was the highest reaching 100%. All of these indicated that the method using approaching
principle could reach the optimal garment fit comprehensively. However, this method required the largest
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number of garment sizes, meaning that the cost of the method was the highest. From the aggregate loss
of fit and accommodation rate of ideal fit, SVM was inferior to approaching principle slightly. Nevertheless,
SVM only employed approximately one-third of the sizes used by the approaching principle to obtain the
accommodate rate up to 82%. Therefore, it could draw to the conclusion that the method based on SVM
was the optimal solution for the garment size assignment, compromising the comprehensive garment fit
and cost.

Table 2. Performance comparison of apparel size assignment using different approaches.

Methods Aggregate loss of fit Accommodation rate of Number of poor Number of size
[cm] ideal fit fit employed
[%]
Approaching 1.58 100 0 159
principle
K-means 4.08 56 88 112
clustering
Support vector 3.07 82 32 48
machine

5 Conclusions

In this study, solutions for the apparel size assignment toward the mass customization have been
discussed and probed based on differing data mining techniques, involving approaching principle, K-
means, and support vector machine (SVM). The solutions were assessed by the same case of men's pants
in China with 200 adult males. Before assigning the garment size, key body dimensions (KBD) were
determined using the hierarchical clustering algorithm as well as the distribution features of the KBD, after
anthropometric data acquisition and preprocessing. Hereafter, the fit models were identified under the
standard sizing system. Two thousand seven hundred ninety-three fit models were determined concerning
the standard sizing system initially. Afterward, the garment sizes of the target population were assigned
using the approaching principle, K-means, and SVM methods, respectively. And then, the solutions were
evaluated by the aggregate loss of fit, the number of poor fit, accommodation rate of ideal fit, and the
number of garment size employed. Ultimately, the solution based on SVM was justified as the optimal one,
which could cover more populations with fewer sizes compared with another solutions. The SVM-based
solution for garment sizes has the merits as follows: (1) a low-cost solution for the size assignment by
exploiting the potentials of existing sizing system, without creating new sizing systems; (2) Easy of
understanding and handling by the operators in the company, based on their existing experience and
expertise; (3) Flexible feasibility to other types of garments. Besides, the solution proposed could be
improved and extended in the future. For the customers, a sizing selection approach can be developed to
support their buying decisions. For the enterprises, a garment pattern recommendation system can be put
forth to promote the accuracy and efficiency of patternmaking in the context of MC. Indeed, as the advent
of the big data era, it is significant to apply artificial intelligence techniques to improve the accuracy and
efficiency due to the complicated relationship between human body types and size combinations in the
future work.
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The aim of the research project was beside other to identify
differences between static and dynamic body measurements.

Scanner “Little Alice” has never been utilized for body form analysis.
Therefore, a basic research was performed. Several parameters
were examined by iterative tests before scan procedure was
defined. Three work or sport related movements were defined and
compared to standard position: Biceps curl, leg flex and squat. The
changes in scan surface were investigated by a three-step analysis:
body measurements, cross sections and a 3D analysis. Scan
procedure was performed by six test subjects German sizes 50 and
58, age group 25 — 55 years.

The results show that photogrammetry can be utilized to investigate
body geometry changes due to movement. Body surface deviations
have been investigated. Thus, not in all cases there were
differences between static and dynamic scans. Yet, body geometry
alters. 4D scanning enables comprehensive analysis of body
geometry changes due to movement. Body measurement and
surface alterations can be visualized and quantified. Scans of
motions may be used to validate 3D simulation avatars.
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1 Introduction

Dynamic anthropometry became one of the most important research topics in clothing technology in the
last years [1,2]. To understand if and how the human body alters while it is moved is the foundation of
ergonomic fit of personal protective equipment, work wear, sportswear and other functional garments [3].
In the past the assessment of body measurement alteration was only possible with measurement tape.
This was time consuming and could only be realized with great effort [4]. With the development of 3D
scanning systems an appropriate analysis was feasible [5]. Though, 3D body scanner technology enables
only the capturing of static postures. Therefore, the scan shows the muscular system working to hold the
position and not the interaction between agonist and antagonist in dynamic movement. It can be assumed
that body proportion differs between dynamic and static status especially when performed by sporty
subjects. The technological evolution from 3D to 4D scanning systems enables scanning in motion [6-8].

Garments are still developed on the basis of the anthropometric standard position defined in standards
and sizing charts as: standing upright, legs hip wide spread, arms slightly abducted [9,10]. Although, the
garment user is only seldom in exact this position. Mostly people are moving during the day. Especially in
functional clothing like work or sportswear constant movement is performed. Therefore, it is of importance
to analyze the body in motion, to extract significant measurement alterations and transfer the results into
the garment development process. Kirk et al. (1966) were the first to develop a method to assess the
enlargement and reduction of the body surface in connection with position changes. They applied
measurement lines on the knee. Schmid et al. (1981) assumed that seam damages were caused by body
geometry changes. Girth alterations at the waist-hip area in standing, sitting and squat posture were
investigated by Yu et al. (2000). The research group of Ashdown analyzed dimensional changes on the
basis of 3D data for the upper and the lower body half [5,13,14,19]. According to the state-of-the-art
approach the modification of the body surface was investigated by static postures. Yet, so far there are
just a few studies on measurement alteration due to movement [9,10]. Dynamic anthropometry was
successfully applied mostly for the development of high performance sportswear. The goals were
reduction of muscle fatigue, increase of physical comfort, reduction of resistance and performance
increase [20,21]. Morlock et al. (2018) investigated for the first time body measurement differences
between work and sports related positions over an entire size range of men and women [10].

So far, body movement is mostly captured with Motion Capture Technology. Defined landmarks on the
body are tracked and transferred in digital data. Goals are e.g. video game design, computer animated
movies or biomechanical analyzes in medicine and sports science. The output is an abstract skeleton for
the assessment of range of motion. The acquisition of 3D surfaces with motion capturing has been
investigated [22-26]. A large amount of markers are attached on the human body and tracked by the
systems. In the beginning, 4D technology was utilized in medical research with computer tomography,
magnetic resonance imaging and ultrasound. In the past years systems were developed to capture the
body surface in a fast and precise way [6,7]. Mostly based on structural light and depth sensor technology.
Where a defined pattern is projected on the object and captured by multiple cameras. Using algorithms
and measurement principles e.g. triangulation or light section technique the surfaces are calculated. These
high performance systems provide up to 180 frames per second in high resolution quality. Yet, they are
very expansive and therefore mostly used by research institutes or big companies.

Photogrammetry seems to be a low cost alternative for small and medium enterprises to capture human
bodies three- and four-dimensionally. Hereby, pictures are taken with digital reflex cameras from multiple
angles. On the base of these picture sets a specific software calculates 3D models. The utilization of digital
reflex cameras enables serial captures. Therefore, picture sets of the moving body can be taken. Each set
represents one position of the movement. So far, three frames per second can be captured. If it is possible
to take pictures of the most significant positions, most movements can be analyzed and body surface
alterations identified. Until now, body measurements from scans can only be taken automatically from the
so called a-pose. Taking measurements form the 3D-data of the moved body can only be realized
interactive. From this point, the reduced data of photogrammetry systems is more of an advantage. Thus,
photogrammetry full body scanners, so far not been utilized in this research field, should be investigated
in regard of their operational capability in dynamic anthropometry focusing clothing technology
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applications. Like all 3D technologies they are only capable of the calculation of objects’ surface that is
visible to the sensors or cameras. Acquisition settings (area, light, camera set up) as well as the defined
movement (reproducibility, feasibility) have a major impact on the visibility of the captured body. Capturing
methods need to be developed with the aim to provide valid 3D data on which body surface changes due
to movement can be examined.

2 Method

To investigate the operational capability in dynamic anthropometry focusing clothing technology
applications 3D photogrammetry full body scanner “Little Alice” from 3Dcopysystems was utilized. The
basic configuration is for three-dimensional scanning of human bodies. Objects are captured by 38 digital
reflex cameras from multiple angles. Four computers are controlling the process, each one responsible for
9-10 cameras shooting synchronically. Three shots or frames per second can be performed. The pictures
are transferred to a main computer on which photogrammetry software RealityCapture is utilized to
calculate 3D-models. It is of importance that pictures of the captured object are overlapping. 38 cameras
are the minimum amount to create full body scans. The overlapping areas enable automatic alignment of
the pictures. The calculated 3D data consist of a solid mesh and texture information. Scanner “Little Alice”
has never been utilized for body form analysis. Therefore, a basic research was performed. Six parameters
were examined by iterative tests before scan procedure was defined: Shadowing of body areas, maximum
of frames to be processed, acquisition area, movement speed, color and pattern of captured objects, data
export and size accuracy. The aim of these tests was to generate 3D data with a minimum of shadowing
and a maximum of accuracy on the one hand. On the other hand it was important to generate files that
could be ease and fast imported in state of the art software of clothing technology research and
development. These are programs to postprocess 3D data, to take automatically body measurements and
3D simulation applications.

As stated above, body measurements are undergoing changes while the body moves. To develop
garments with optimal ergonomic fit the knowledge of the alterations is crucial. On the foundation of the
basic research work in regard of the system’s capabilities, three work or sport related movements were
defined. The aim was to describe sequences that are typical for many working or sporting situations. In
addition, the defined movements should lead to extreme changes in body proportions. The focus was the
upper arm and thigh area. Reference to identify body surface alterations was the standard position
(relaxed): standing upright, legs hip wide spread, arms slightly abducted. The defined body movements
were: Biceps curl, leg flex and squat. All definitions are structured in a starting posture, a motion sequence
and an ending posture. The scan procedure was performed by six test subjects in the German sizes 50
and 58, age group 25 — 55 years. Every participant wore tight fitting underwear. Anthropometric landmarks
were highlighted by polystyrene balls of 2cm diameter. The definition of the landmarks was performed
according to Morlock et al. (2018) [10]. The following measurements were taken: body height, chest girth,
waist girth, hip girth, across back, arm length, upper arm length, leg length, upper arm girth, thigh girth,
knee girth and calf girth.

The changes in scan surface were investigated by a three-step analysis: body measurements, cross
sections and a 3D analysis. Body measurements were taken from standard position and from the relevant
position of de 4D scans. Software AnthroScan was utilized to take measurements automatically according
to ISO 8559. To understand and quantify the difference in arm and leg length due to movement, the
measurement definitions had to be adapted in those case. Arm length was taken from mid armfold to wrist.
Leg length was taken from crotch height over knee to the floor. In a second step, cross sections of the
upper arm and the thigh were taken in 1cm distances. The assessment of the cross sections was
performed in software Geomagic studio 2012 (curve generation) and Rhinoceros 6 (measurement). The
value of each measurement position of upper arm and thigh at each scan was collected, respectively.
Differences were identified and described. The last step were 3D analyzes utilizing Geomagic studio 2012.
Scans of the standard position and the ending posture were postprocessed to generate smooth wraps.
The full body scans were segmented and the right upper arm and the right thigh of the standard and the
defined 4D posture were extracted. Then, segments were merged and a 3D analysis describing the
differences in geometry was performed. The results are so called heat maps that visualize the distance
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between the reference and the compared segment. With this method the interaction between agonist and
antagonist (e.g. biceps and triceps) and the geometry alterations can be illustrated.

3 Results

The results of the basic research in regard of the operational capability showed that the scanner system
“Little Alice” can be utilized for 3D and 4D scanning processes. Measurement and geometric differences
between the scanned movement positions could be examined. In the first section of this chapter the results
of the general assessment of the system are presented. In the second section the findings of the three-
step analysis are shown.

With iterative tests the quality factors shadowing of body areas, maximum of frames to be processed,
acquisition area, movement speed, color and pattern of captured objects, data export and size accuracy
were assessed. As the 38 cameras stand for the minimum set up some quality reductions must be
accepted. Areas between arms and torso or between legs at the crotch area demonstrate shadowing
similar to other scanner systems. Yet, the multiple angels of the cameras reduce enable good capturing
of most areas of the body. And the shadowing compared to full body scanners like e.g. laser scanners is
significantly less in positions divergent to the standard posture. The vertical setting with the horizontal laser
line of these systems lead to less data on horizontal body parts and obviously larger shadowing between
limps and torso especially when arms or legs are positioned between column and torso.

The maximum amount of frames to take in a row was seven. Capturing more frame sets overstrained the
computer system and pictures got mixed up on the transfer to the main computer. Therefore, movements
have to be performed within three seconds. The acquisition area is determined by the systems structure.
The base plate is ellipse shaped with a width of 230cm and a depth of 168cm. The case is in an egg form
with dimensions of 330 x 320 x 260 cm (length, width, height). The maximum area to capture objects
measures 75 x 75cm. The movement speed was no critical point for clothing technology applications. Fig.
1 shows jumping tests to investigate motion speed acceptance which underline the finding.

Fig. 1 Investigation motion speed acceptance.

To achieve optimal scan data quality the photogrammetry system can be supported by surfaces with
pattern. Test showed that single-colored garment lead to decrease of geometry precision. Skin could be
captured well, there was no difference in color. In a next step, the data export was examined. The mesh
can be exported in different qualities in regard of resolution. Yet, quality affects file sizes and this has an
impact on import and calculating times. Therefore, scans in three resolutions five million triangles, two
million triangles and 500,000 triangles were exported in four different data formats (obj, ply, xyz and dxf).
All were imported in standard utilized 3D postprocessing and 3D simulation software (Antroscan,
Geomagic Studio, Rhinocerus, CLO 3D and Browzwear). Import time, usability and visualization was
assessed and rated from 1 to 4, were 1 stands for very good and 4 for insufficient. It was shown, that obj-
files provided the highest flexibility to be imported in other programs. In the lowest resolution (500,000
triangles) all the tested software were able to calculate and process the data.
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The last step of the basic investigation was the assessment of size accuracy. Since, the 3D / 4D data is
generated to analyze body measurements and surface alterations this was the essential test. Three tailor
dummies in the German sizes 50, 54 and 58 (bust girth 100, 108 and 116cm) were scanned in Vitus Smart
XXL and with “Little Alice”. All scans were measured in Anthroscan. The percentage variance was 1.5cm
in all primary measurements (bust girth, waist girth, hip girth and inseam length). This was rated as
insufficient for the field of clothing technology. Therefore, the calibration process was optimized with the
support of 3D copysystems. Afterwards, the percentage variance was < 0.3cm in the defined
measurements.

On the foundation of the basic research work three work or sport related movements were defined with a
starting posture, sequence and ending posture (see Table 1).

Table 1. Defined body movements.

Designation Starting posture Sequence Ending posture

Biceps curl Legs hip wide spread, Elbow flexion up to 90° Legs hip wide spread,
arms on shoulder level degree in elbow joint arms on shoulder level,
stretch in front of the 90° degree in elbow joint,
body, hand to fists, back back of the hand to front

of the hand to the floor,
extra load with 1kg

dumbbells
Leg flex Legs hip wide spread, Right leg lift up to hip and Legs hip wide spread,
arms in 0° position knee flexion of 90° arms in 0° position
degrees, natural arm
movement, right foot is
positioned on platform,
left foot follows
squat Legs hip wide spread, hip and knee flexion up to  Squat with hip and knee
arms in 0° position of 90° degrees, arms flexion up to of 90°
moved stretched on the degrees
side

Fig. 2 Defined landmarks on standard position.

To enable valid measurement anthropometric landmarks were highlighted by polystyrene balls of 2cm
diameter. Fig. 2 shows the defined landmarks: 1. Mid armfold, 2. Position of largest girth upper arm, 3.
Elbow, 4. Waist point at back, 5. Hip height at side, 6. Hip height at back, 7. Crotch height and 8. Mid of
knee. Measurements were taken according to ISO 8559 standard: body height, chest girth, waist girth, hip
girth, across back, upper arm length, upper arm girth, thigh girth, knee girth and calf girth. Yet, motion
postures made adjustment necessary. For example, arm length was taken from mid armfold to wrist. This
enables the identification of the maximal length. Leg length was taken in an adjusted method, too. It was
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measured not on the side but on the front of the leg, from crotch height over the knee and ankle to floor
level.

The changes in scan surface were investigated by a three-step analysis: body measurements, cross
sections and a 3D analysis. Therefore, the scans were segmented. The upper arm and the thigh area were
cut at the joints (shoulder-elbow; hip-knee). The two upper arm segments and the three thigh segments
were merged. The girths at the upper arm were measured from shoulder to elbow in stretched and flexed
arm position (see Fig. 3). Girths were positioned in 1cm distance to another. Depending on the upper arm
lengths up to 21 measurements were taken. The differences in girth between stretched and flexed arms
were investigated. The analysis showed differences between -1.3cm and +2.8cm. The average deviation
was 3.61%. To illustrate the measurement differences due to movement the upper arm was segmented in
three sections: close to shoulder, middle and close to elbow. The largest differences were identified in the
section close to elbow.

Fig. 3 Flexed arm with measurement positions.

The process to assess the thigh was similar to the upper arm analysis. Girths were measured from
positions relaxed, leg flex and squat. For the leg flex movement it was assumed that the major muscle
work would happen when the body weight is shifted to the foot on the platform. For the squat movement
the end position was chosen. Starting from near crotch girths were positioned 1cm distance from another.
Depending on thigh lengths up to 33 measurements were taken. The analysis of the leg flex position
showed differences between -4.1cm and +1.8cm. The average deviation was -2.7%. The analysis of the
squat position showed differences between -9.5cm and +6.5cm. The average deviation was 0%. The
results from the test subjects varied extremely. To illustrate the measurement differences due to movement
the thigh was segmented in three sections: close to hip, middle and close to knee. The largest differences
were identified in the middle section in both assessed positions.

With the cross sections the middle of the upper arm and the thigh were assessed. The results indicate,
that even when the girths show no significant value differences, the body form changes due to movement.
Obviously width and depths of the body parts alter (see Fig. 4).

Finally, 3D analysis was performed to investigate the changes in geometry in regard of whole areas (upper
arm and thigh). The generated heat maps show reductions in blue and increase in yellow/orange/red. Each
color is correlated with a defined distance. The more intense the color the larger is the distance. Fig. 5
displays one result of a 3D analysis of the thigh in size 58 comparing the relaxed with leg flex position.
From left to right the pictures show the front, side medial and the back view. There are reductions on the
side and an increase of geometry in front and back.
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Fig. 4 (a) comparing cross section thigh relaxed (grey) with leg flex position (black); (b) comparing cross
section thigh relaxed (grey) with squat position (black).

|

Fig. 5 Heat map comparison thigh relaxed with leg flex positon: (a) front view; (b) side view medial; (c)
back view.

4 Conclusion

Garment fit in movement is a crucial for work and sportswear. Therefore, comprehensive dynamic
anthropometric data is needed to develop garment with optimal ergonomic fit. To investigate the
operational capability focusing clothing technology applications 3D photogrammetry full body scanner
“Little Alice” from 3Dcopysystems was utilized to capture movements. A basic research was performed.
Six parameters were examined by iterative tests: Shadowing of body areas, maximum of frames to be
processed, acquisition area, movement speed, color and pattern of captured objects, data export and size
accuracy. The results showed that 3D scan data shows appropriate accuracy to be used to analyze body
measurements and geometry changes. Since, the low cost setup with 38 cameras represents the minimum
amount to generate scans, limitations in quality were investigated. There was shadowing between arms
and torso as well as between legs. Yet, compared to laser scanner systems there was less interference
especially in movement. The acquisition area is rather small. Therefore, the range of motion must be
considered when movements are defined. Though, three meaningful work and sports related movements
were defined to assess body geometry alteration. It was found, that the dumbbell with 1kg was not enough
weight to lead to major muscle changes. Therefore, further tests with a larger workload should be
performed. This is recommended with special view on the bigger sizes where the muscle form is less
obvious due to the subcutaneous fat. The girth alteration at the upper arm in the section close to elbow
were unexpected. These results need to be transferred in pattern development and further analyzed. The
investigation of changes at thigh area were more difficult. There was shadowing between the legs
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especially in squat position. Here, the limitations of the system are more than obvious. Depending on the
application it needs to be evaluated if an increase of cameras is reasonable. In addition, it seems of
importance to enlarge the test sample and compare different target groups e.g. sporty and non-sporty as
well as further sizes.
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Sleep is a fundamental need for humans. On average 1/3 of the
lifetime is spent in bed. Important for a healthy sleep is the duvet.
This should have sufficient heat insulation and should ensure a dry
bed climate at the same time. The thermophysiological comfort of
classic duvets can be rated via skin model and thermal manikin. The
simultaneous detection of dry and moist heat flux of duvets is now
not possible.

The lecture presents results of the German funded project AiF
19522 N “Bed Cave and Comfort”. Within the project the interaction
of thermophysiological comfort during sleeping and the bed cave
was investigated. Duvets with different filling materials (down and
feathers, polyester, animal hair as well as new developments) were
examined according the classical, thermophysiological evaluation
method for sleep comfort. Furthermore, a new evaluation method
for duvets with the sweating, thermal manikin Sherlock (Newton
type, Thermetrics) was developed. During the measurement, a
realistic sleep situation can be reconstructed with the sweating,
thermal manikin. All measured data were validated by monitored
sleep test within a climatic chamber.
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1 Introduction

Sleep is a fundamental an underestimated basic need of humans. On average 1/3 of the lifetime is spent
in bed. After 48 hours without sleep the concentration for simplest tasks is lost [1]. Restful sleep is very
important for human regeneration and health maintenance [2].

During sleep a comfortable warm bed climate, night movements and a lowering of body temperature of
0.5 °C with subsequent rise should be possible. Therefore, produced body heat is dissipated by the skin
by radiation, conduction, and convection. Further sweating can occur to cool down the human body. To
avoid moisture in the bed system sweat should be transported through the system during sleep [1]. Studies
show that about one fifth of the produced heat and moisture produced during sleep is released to the
mattress. The majority of 80 % is released to the duvet [3]. Other components like mattress, linen or
nightwear play a tangential role. So, the duvet should be able to transport the produced sweat to the
ambient. Further the human body should not cool down during sleeping. Duvets must therefore have
adequate thermal insulation.

Nowadays there are traditional filling of duvets like down and feathers, animal hair (e. g. sheep, camel)
and nonwovens. In addition, new filling and insulation materials are used for duvets, e. g. nonwovens
made from hemp fibers, microfine fiber structures, 3D knitted fabrics, polyester fiber balls, mixtures of
different materials as well as new assemblies like zoned duvets with higher filling levels on the feed zone
or open ventilation zones.

In the 1990s a method and model to characterize the comfort of duvets was invented at Hohenstein, which
is still used today [4]. This evaluation system is based on two methods: dry heat insulation of ready-made
duvets measured with the thermal manikin and the material-specific characteristics of heat and moisture
transport determined with the Hohenstein skin model. The measurement of dry and wet heat flow of ready-
made duvets in consideration of the bed cave is until now not possible.

Further, the insulation of the duvet depends on the draping of the duvet and the so formed bed cave
between human and duvet. This draping ability of the blanket depends on the material, the rigidity, the
filling quantity, and the packaging. However, so far there are no scientific studies dealing with the ideal
bed cavity for thermal insulation. With the 3D scanner technology, a powerful tool is available, with which
a quantitative, exact 3D measurement of the bed cavity and draping of the duvet is possible.

Within a German funded research project AiF 19522 N a new measuring and evaluation method for
traditional and new ready-made duvets in consideration of the bed cave was investigated. In addition, the
bed cavity geometry is measured using 3D scanner technology and the influence of the bed cave and the
enclosed air layer on the thermal insulation and sleeping comfort was researched.

2 Materials and Methods

Within the project more than 40 duvets with different cover materials and fillings e. g. polyester (PES),
down and feathers, wool (WO), camel hair, cotton (CO) were investigated. Screening tests showed that
18 duvets represent state of the art of German duvets. These duvets were used for further investigation.
Table 1 shows these duvets with the available product information.
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Table 1. Duvet materials.

Sample Cover material Filling Stitching Size Weight Thickness
[m?] [kg] [mm]
M3 100% CO 100% PES lengthwise 2,91 1,282 28
M4 100% CO 100% PES lengthwise 2,68 1,662 51
M5 100% CO 90% down, square 2,75 1,176 22/13
10% feather
M6 100% CO 100% down lengthwise 2,77 1,774 25/14
M7 - 100% down square 2,90 1,746 19/14
M8 100% Lyocell 60% Lyocell, square 2,77 1,894 41/24
40% PES
M11 50% CO, 100% PES- dots 2,73 1,775 53/40
50% Lyocell hollow fiber
M12 100% PES 100% PES- flower shaped 2,75 0,804 15
hollow fiber
M13 100% CO 100% Polylactide body fit 2,80 1,855 42/26
M14 100% CO 100% PES body fit 2,82 1,315 29/20
M17 100% CO 100% PES- lengthwise 2,63 1,197 2114
nonwoven
M18 100% CO 100% PES lengthwise 2,7 1,286 19/14
M20 - 100% WO lengthwise 2,68 1,843 27/25
M21 100% CO 100% WO square 2,68 1,288 15/9
M25 80% micromodal, 100% camel hair body fit 2,74 1,982 42
20% CO
M28 100% CO 60% linen, lengthwise with 2,90 1,142 9/8
40% CO circles
M29 70% micromodal, 100% PES Beads stitching 2,76 1,715 41/36
30% CO with ventilation
system
M32 100% CO, 100% down cross with air 2,91 1,121 -
climate zone: 100% chambers
PES

21 Sweating, thermal manikin

The Hohenstein evaluation system for duvets is based on two methods: dry heat insulation of ready-made
duvets measured with the thermal manikin and the material-specific characteristics of heat and moisture
transport determined with the Hohenstein skin model. The measurement of dry and wet heat flow of ready-
made duvets in consideration of the bed cave is until now not possible. Therefore, a new method was
invented to characterize the thermophysiological comfort of duvets in consideration of surface coverage,
snugness and the microclimate within the bed cave using the sweating, thermal manikin Sherlock (type
Newton, Thermetrics).

The sweating, thermal manikin Sherlock has the anatomical shape of a human standard man (height 1.75
m, body surface 1.85 m?, clothing size 50). The skin surface of the manikin was regulated to a constant
temperature Ts of 31 ° C. The required electrical heating power H. for the constant surface temperature
was the measured value, for the determination of the thermal resistance R. of duvets. The measurement
was set in a climate chamber at temperature of T. = 15 ° C and relative humidity of RHa = 50% rh.

To create a realistic sleeping condition, the measurement took place with the sweating, thermal manikin
Sherlock lying down, wearing a two-piece pajamas (CO). The head rest on a pillow. The duvet itself was
measured without a cover. To record the microclimate of the bed cave, ten additional temperature and
humidity sensors were attached to the sweating, thermal Manikin Sherlock, and the duvet (figure 1,
middle). The duvet was draped uniformly around the manikin, which was covered up to the neck. Care
was taken to ensure that the duvet lies loosely so that there is enough air volume in the bed cave”. A
standard bed construction consisting of a tubular steel bed frame with a one-piece foam mattress (180
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mm thick), which is covered with a cotton sheet, was chosen for the investigation. Figure 1 shows the
measurement setup for evaluating duvets with the sweating, thermal Manikin Sherlock.

Fig. 1 Measurement setup to characterize the thermophysiological parameters of duvets with the
sweating, thermal manikin Sherlock (type Newton, Thermetrics); left: dressed Sherlock equipped with
temperature and humidity sensors lying on mattress and bed frame, right: complete measurement setup.

In addition to these investigations of the thermal resistance R, realistic sweating during sleep was
simulated with Sherlock to determine the water vapor resistance R. of duvets. The same measurement
setup was used for this. Sweating is achieved with the help of a tight sweat suit and sweat nozzles, which
are distributed over the body. The sweat suit has the function of distributing the sweat (water) from the
sweat nozzles evenly over the body. The sweat nozzles can be controlled individually, so different sweating
rates can be set. Table 2 shows the used sweating rate, which are based on Park et al. [5]. The sweating
nozzles on the back side were switched off because the measurements focus on the duvet and the
microclimate within the bed cave. These sweating rates reproduce a realistic sleeping situation and leads
to reproducible measurement results for duvets.

Table 2. Sweating rates during measurement of duvets with the sweating, thermal manikin Sherlock (type Newton,

Thermetrics).
Manikin zone Sweating rate Manikin zone Sweating rate
[ml/hr m?] [ml/hr m?]

face 0 lower back 0

head 0 right upper thigh front 15

right upper arm front 58 right upper thigh guard 0

right upper arm back 0 right upper thigh back 0

left upper arm front 58 left upper thigh front 15

left upper arm back 0 left upper thigh guard 0

right forearm front 18 left upper thigh back 0

right forearm back 10 right lower thigh front 18

left forearm front 18 right lower thigh back 0

left forearm back 10 left lower thigh front 18

right hand 72 left lower thigh back 0

left hand 72 right calf front 17

upper chest 16 right calf back 0
shoulders 0 left calf front 17
stomach 17 left calf back 0

mid back 0 right foot 65

waist 15 left foot 65

2.2 Subject trial

To validate the results with the thermal, sweating manikin subject trials with selected duvets M5, M14 and
M32 were done. Five male subjects (table 2) performed monitored sleep experiments in the climate
chamber. The subjects were healthy men. Before the study, the participating subjects were given detailed
information about the schedule of the test series after a medical check, were informed about possible risks,
gave their consent to the tests, and confirmed their voluntary participation.
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Table 3. Sample of subjects.

Subject Age Height Weight BMI Body Surface
[years] [cm] [kgl [1 DuBois
[cm?]

TP1 28 184 79 23 2,02

TP2 33 186 82 24 2,06

TP3 30 172 65 22 1,77

TP4 24 170 73 25 1,84

TP5 29 182 81 24 2,02

Mw 28,8 178,8 76 23,6 1,94

Stdev 3,2 7,3 7.1 1,1 0,1

The monitored sleeping experiments were performed at 20 °C, 50% RH in a climatic chamber with air
movement 0.3 m / s. To create comparable conditions to the experiments with the sweating, thermal
manikin Sherlock the subjects slept in the climatic chamber for at least 6 hours, wearing a pair of cotton
underpants and a two-piece pajama out of cotton. The head rested on a pillow. The duvet itself was tested
without a cover, using five temperature and humidity sensors to record the microclimate of the bed cave.
The test bed was draped loosely by the test subjects, so that they formed a “sleeping cave”. A "standard
bed construction" was chosen for the present study. It consists of a tubular steel bed frame with a one-
piece foam mattress (180 mm thick), which is covered with a cotton sheet. Figure 2 shows the experimental
test setup during the monitored sleeping experiment with subjects.

Fig. 2 Measurement setup “Sleeping trial” in climatic chamber with subject (left), position of temperature
and humidity sensors (right, duvet turned for visualization).

The objective body data were recorded using various sensors. The heart rate was recorded using a chest
strap (Polar WearLink). Temperature sensors (T) for the skin temperature as well as combined
temperature-humidity sensors (T, RH; MSR Electronics GmbH) for recording the microclimate were
distributed on the body surface in accordance with ISO 9886. To create a distance to the skin and thus to
record the moisture in the microclimate between textile and skin, the sensor was attached to a spacer
(thickness 3 mm). In addition to the objectively recorded measured values, the subject's subjective
sensations after the sleep were queried and recorded using a questionnaire.

Before sleeping experiments, the test subjects were equipped with the sensors and get dressed. This
process took at least 30 minutes to also acclimatize the subjects. The individual experiments each lasted
at least 6 hours, during which the test subjects slept in a bed under the respective duvet.

Furthermore, the change in weight of the test subjects and the sweat absorption of the individual items of
clothing and the duvet were determined by weighing before and after the sleep experiment. For this
purpose, the test subjects and the clothing were weighed before and after the experiment.
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3 Results and Discussion
31 Sweating, thermal manikin

The investigations with the sweating, thermal manikin Sherlock indicate that it is possible to determine the
thermal resistance R and water vapor permeability Re of duvets. Table 4 shows the results of these
characterizations. Regarding the thermal resistance R.the values are in the rage 0.56 — 1.00 m?K/W. M28
shows the lowest thermal resistance with 0.56 m?K/W (table 4). Therefore, this duvet is less insulating and
should be used as summer duvet. Duvets M5, M8, M17, M18, M20 and M32 have R¢-values in the middle
range between 0.61 — 0.72 m?K/W. The residual duvets M3, M4, M6, M7, M11, M12, M13, M14, M21,
M25, M29 show high thermal resistance values in the range 0.75 — 1.00 m2K/W (table 4). So, the thermal
insulation of these duvets can be rated as high and they should be used in winter when the ambient
temperature in bedrooms is low.

Table 4. Thermal resistance R; and water vapor resistance R. of different duvets measured with sweating, thermal
manikin Sherlock.

Sample Thermal resistance R¢ Water vapor resistance R.
[m2K/W] [m?Pa/W]

M3 0.77 98.78

M4 0.76 82.93

M5 0.61 64.86

M6 0.96 104.84
M7 1.00 102.54
M8 0.72 73.98
M11 0.87 100.09
M12 - 54.09
M13 0.77 83.13
M14 0.75 73.33
M17 0.65 66.85
M18 0.69 68.23
M20 0.71 84.74
M21 - 61.54
M25 0.95 92.48
M28 0.56 51.89
M29 0.87 84.69
M32 0.62 60.15

The results of water vapor resistance Re are in the range 51.89 — 104.84 m?Pa/W. Especially duvet M28
and M12 has low Re-values, which means these duvets have a good breathability and during sleep
produced sweat can be transported through the duvet to the ambient. The highest water vapor
permeabilities have the duvets M6 and M7 with values in the range 102.54 — 104.84 m2Pa/W. This can be
explained, among other things, by the high thickness of the duvet. The by human produced sweat (water
vapor) must pass through more material before it can be released into the ambient. The results show no
correlation between the Re-value and the filling or stitching design of the duvets.

In addition, the microclimate in the bed cave was determined during the measurements of the water vapor
resistance by ten temperature and humidity sensors. Figure 4 shows the average temperature (orange,
left) and relative humidity (blue, right) in the bed cave during the measurements of the water vapor
resistance Re using the sweating, thermal manikin Sherlock. There are slight differences in the
microclimate of the bed cave for different duvets. The temperature is between 25.67 - 28.89 °C. The lowest
temperatures in the bed cave were achieved for duvet M3 and M28, for duvets M11, 21 the highest. In the
case of relative humidity in the bed cave, the values are in the range of 54.43 - 67.43% RH. From a clothing
physiological point of view, the relative humidity should be below 60% RH, because at higher relative
humidity’s no differentiation can be made by humans and it is sensed as unpleasant wet. The duvets M14
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and M28 have the lowest relative humidity in the bed cave during the determination of the water vapor
resistance. The duvets M7 and M11 the highest relative air humidity in the bed cave.
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Fig. 4 Temperature T (left) and relative humidity RH (right) in the bed cave during the measurements of
the water vapor resistance Re using sweating, thermal manikin Sherlock

There are no apparent correlations between water vapor resistance Re measured with the sweating,
thermal Manikin Sherlock and the climate in the bed cave.

3.2 Subject Trial

During the monitored sleeping experiments the test subjects produced a small amount of sweat between
275 g and 490 g (table 5). Most of the produced sweat P evaporates, i.e. 95.54% (M32) - 97.27% (M14)
(ratio evaporated sweat E/produced sweat P) were transported through the duvet and released into the
environment. In the duvets themselves, 1.31 g (M5), 1.62 g (M14) and 3.91 g (M32) remain over the entire
monitored sleeping experiment (table 5). This means that only very small amounts of sweat remain in the
duvets. The results show clearly that while sleeping under the duvet M32, which has climatic zones, the
subjects produces less sweat. Simultaneous duvet M32 absorbs the highest amount of sweat.

The results of the individual monitored sleeping experiments were evaluated. The data was analyzed
subject-specific and product-specific. The mean values across all subjects were calculated. Due to the
large number of data, the following results are limited to mean values of the recorded objective data (skin
temperature, temperature in the microclimate, humidity in the microclimate) for all duvets on lower back
right position.

Table 5. Produced and evaporated sweat amount during subject trial.

Clothing Amount of sweat [g]

M5 M14 M32
Subject 490.00 461.11 275.00
Underpants 1.17 0.89 1.18
Pajama shirt 1.80 4.76 244
Pajama trousers 7.59 2.59 1.24
Duvet 1.31 1.62 3.91
Cushion 0.98 2.07 2.23
Bed sheet 0.70 0.68 1.26
Produced Sweat P [g] 490.00 461.11 275.00
Evaporated sweat E [g] 476.46 448.50 262.74
E/P[%] 97.24 97.27 95.54

Figure 5 shows the relative humidity (right) in the microclimate above the skin of the subject on lower back
right position. All three duvets M5 (grey curve), M14 (orange curve) and M32 (blue curve) show the same
curve progression with minor differences for the individual duvets. Towards the end of the sleep period of
six hours, however, trends can be seen. M32 tends to have the lowest moisture in the microclimate above
the skin, M14 the highest. This confirms the measurements with the sweating, thermal Manikin Sherlock.
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Here M14 has the highest water vapor resistance R. compared to the duvets M5 and M32. Low water
vapor resistance Re means produced sweat is transported through the duvet to the ambient. In case of
higher values this transport is less efficient and the relative humidity in the microclimate above the skin
rises.

By comparing the temperature in the microclimate (figure 5, right) above the skin of the subject on lower
back right position of the three duvets similar curve progression can be seen, too. This is not surprising
considering that these duvets have slightly differences in the thermal resistance R. (table 4). The
measurement fluctuations within curve M14 on the lower back right can be explained by averaging over
all subjects. M14 has the highest thermal resistance, which means thermal insulation, of these three
samples. It is therefore not surprising that the temperature in the microclimate of the bed cave is higher in
the case of M14 than in the other duvets. Duvet M14 has the higher Re-value compared to M5 and M32,
but the relative humidity in the microclimate is almost the same for these three duvets during the subject
trail. Furthermore, the subject produced 461.11 g of sweat in case of M14, which is greater than M32 and
a little bit lower than M5. That implies that M14 puffers more sweat than M5 and M32.

100
90
80
70

w
o

w
~

X ./J‘\,;J‘.-'u\ o —u—f'\,y\'

w
o

60 R e >

50 ’.‘\/'V" : \"'\
40

30

20

10

0

N w
o [y

N
~

microclimate relative humidity RH [%]
microclimate temperature T [°C]
v
¥

N
b
0
14
84

28
42
56
70
98
112
126
140
154
168
© 182
196
210
224
238
252
266
280
294
308
322
336
350

— 32 M14 M5 — 32 M14 M5

Fig. 5 Relative humidity RH (left) and Temperature T (right) in the microclimate above the skin on lower
back right position during monitored sleeping experiment with subjects.

Figure 6 shows the skin temperature on lower back right position during the monitored sleeping
experiment. The values show, as before the temperature in the microclimate, that the three duvets slightly
differ in their thermal resistance. It can be said that the lowest skin temperatures occur while sleeping
under the duvet M32. Compared to M5 and M14, this duvet also has the lowest thermal resistance (Table
4).
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Fig. 6 Skin temperature Ts on lower back right position during monitored sleeping experiment with
subjects.

After each individual sleeping experiments, the subjects filled out a detailed standardized questionnaire
for the duvets M5, M14 and M32. This questionnaire includes questions about the feeling and comfort of
the duvets, as well as the overall comfort. These detailed questions are relevant for the overall
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assessment, to be able to classify the thermophysiological properties of duvets and the measurements
with the sweating, thermal manikin Sherlock.

The examined duvets differ in terms of their stitching: M5 square, M14 body fit and M32 cross- with air
chambers (table 1). The subjects did not notice any of these stitching negatively. They were consistently
rated with grade 2 (good).

The evaluation of the temperature shows only slight differences between the samples. Duvets M5 and
M32 are classified as comfortable (grade 2, good), M14 as comfortable-warm (grade 2.7, satisfactory) and
thus as a little bit warmer and uncomfortable. This reflects the measurement data of the skin temperature
on the lower back right (figure 6).

The moisture sensation of the three duvets differ slightly, too. While duvet M5 is described as dry, M14
and M32 is classified as slightly damp. The perception of moisture by the subjects is still described as
good (grade 2). In addition, no humidity accumulation is felt in all duvets.

Overall, the thermophysiological comfort of duvet M5 is rated with a grade of 1.7, followed by M32 with 2.2
and M14 with 2.6. This shows clearly that there are only slight differences between the individual
perception of these three duvets.

4 Conclusions

Within the German funded IGF research project AiF 19522 N “Bed Cave and Comfort”, a new system for
characterizing the thermophysiological comfort of duvets should be developed, which can objectively
assess the heat and moisture management of duvets considering the shape and size of the bed cave. For
this purpose, a suitable measuring method was developed to characterize the thermal resistance Rc
(thermal insulation) and the water vapor resistance R. (breathability) with the sweating, thermal manikin
Sherlock. It became apparent that in manikin measurements by considering the bed cave a higher
information content for characterizing the clothing-physiological comfort of duvets is obtained. Based on
sleep tests with subjects, these thermophysiological indicators as well as the measurement method for the
sweating, thermal manikin Sherlock could be validated. The new measurement method with the sweating,
thermal manikin Sherlock is suitable for characterization of the thermophysiological comfort of duvets.
Here, classic as well as innovative duvets can be assessed regardless of the filing used, and the
construction and manufacture of the duvets. Conventional clothing physiological characterizations with the
Hohenstein skin model do not have to be carried out and there is no loss of information in accuracy and
significance.
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1 Introduction

The development of the garment industry is nowadays strongly influenced by new technologies. The harsh
conditions of the current market economy also place their requirements on textile products. Along with
high demand products, the satisfaction of several requirements like strength of the seams is especially
important for products used in military and law enforcement activities. Thus, the units of forensic support
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of pre-trial investigation bodies of the National Police of Ukraine have an urgent need for modern samples
of means of maximum preservation and protection of forensically significant information (including physical
evidence) and places of finding such information from negative factors, both subjective and objective ones.
Such technical means and tools include mobile tents, awnings and protective screens.

The choice of fabric plays an important role and is a decisive factor for the production of both clothing and
special textile products, like in their use as power structures. By this means and a proper choice, the final
product may deliver all the necessary protective, functional and operational properties.

Therefore, it goes without saying that such products must be made by materials that meet the highest
performance, durability, impermeability, and breathability characteristics.

In this case, a particularly important factor for the quality of textiles are the adhesive joints of materials in
their formation.

During operation, garments (including clothing) are exposed to moisture, wet-heat treatment, various
deformations, which lead to premature deterioration of the appearance of the garment due to the poor
quality of the adhesive bonding materials during molding. Increasement of the adhesive strength of the
adhesive joints of garments in bonding with adhesive linings is one of the most important problems of the
garment industry [1].

Nowadays there are no high-efficiency processes of bonding of garment parts with adhesive pads, which
would allow to control the adhesive interaction and to predict its behavior during garment processing. The
need for the development of such processes arises because of the tendency of constant updating of the
raw material basis for the manufacture of garments (clothing genuine and artificial leather, textile materials
with form resistant, abrasion-proof and other types of processing), which adhesion properties have not
been studied. Therefore, the search and development of new methods and techniques for the
improvement of the quality and reliability of the adhesive joints of polymeric materials in the formation and
molding of parts of garments is an urgent problem.

Almost all textile materials are subject to different types of decoration, which can adversely affect the
quality of the adhesive. Due to such surface modifications on the garment fibers, a small, but resistant to
further technological operations drug layer is fixed. As a result, the active areas of the fibers are blocked,
which adversely affects the quality of the adhesive joints during the bonding of garment parts. Due to this,
the effect of very expensive finishing of textile materials (for example, hydrophobization, modification of
the properties of textile materials — reducing shrinkage, increasing of the invariability of fabrics in both dry
and wet conditions, etc.) should sometimes be partially removed during garment production in order to
make it possible to perform necessary operations in the later garment manufacturing stage. [1, 2].

One of the ways to improve the quality of the adhesive joints of garment parts is to apply methods of
physical and chemical influence on the tiled surface of textile materials that have undergone various types
of finishing. Such methods can be differentiated not only by the types of finishing, but also by the
preparations containing the technological solution. The purpose of such processing is to obtain the
maximum positive technological effect for the preservation of the consumer properties of the clothing
materials provided during the outfit. The same problem arises in the manufacture of genuine leather
products, which are also sensitive to the effects of temperature [1, 3, 4].

Nowadays, modern chemicals are used in the garment industry. This include dispersions based on
acrylate (athebin BFF) and polyurethane (aquapol-21) which increase shape resistance and reduce the
weight of garments made from costume fabrics. The increase in form resistance is due to the formation of
hydrogen and covalent bonds between molecules due to the interaction of the active centers of the fibers
with the reactive groups (-NH-CO-C- and -CH,CH (COOR) -) of the chemicals polymers. Appropriate
chemical treatment allows to increase the shape resistance of the form by 15-30% (compared to the
sample, duplicated adhesive gasket material without additional processing), regardlessof the materials
surface density values and the type of used chemical preparation.
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Analysis of the literature showed that the following polymer compositions can be used for direct
stabilization: aqueous dispersions of various rubbers (chloropropene, butadiene styrene, etc.), dispersion
of polyvinyl acetate, or polyvinyl chloride, polyacrylic or polyurethane adhesives, aqueous solutions,
aqueous solutions polyethylene, polypropylene, or polyamides [5].

The use of chemicals for fixing the shape of garments has several advantages over traditional bonding [6—
8]. It allows combining the processes of formation and fixation of the form as well as fixing the new
arrangement of fibers not only by the surface, but also by thickness. This allows to regulatethe properties
of the semi-finished products through changes in number, concentration, and parameters of application
of the polymer composition.

For example, as a result from the reinforcement of genuine leather with adhesive gaskets, the modulus
of elasticity of the samples increases by 20% and is stabilized by the polymer composition from 12 to 32%
(depending on the concentration). Elasticity of the bound increases for 10% and when treated with a
polymer composition based on polyvinyl acetate, it is reduced for 24% This is due to the compacting of
the structure as a result of the introduction of the polymer composition.

Studies have also shown the effectiveness of using a depolymerizing drug in form of an aqueous solution
of ethyl alcohol (concentration of 10 g/l) at the stage of preparation of textile material for bonding
(depolarization of antistatic coating). Ethyl alcoholis a solvent for adhesive polyamide components, which
promotes more effective penetration of the adhesive into the structure of the material (solvation effect).
Due to this treatment, the bundle effort increases by 24—40% and the stiffness increases by 26-64% [7].

The details of garments made of textile materials have to undergo the double bonding effect. It influences
the increase of the indices of delamination effort and stiffness for bending. Therefore the significant
academic interest consists in the search of chemical means of the influence on adhesive properties of
contacting surfaces of the packing materials “skin —adhesive cushioning material". In this regard, it is
advisable to search for environments for local processing of individual sections of garment parts. The
advice follows up on the basis of which it is possible to equalize the rigidity indices of parts made from
different topographic areas (collar, floor, chapra). In addition, it should be considered in mind that the
choice of chemicals should prevent the destruction of protein (collagen), which is the basis of natural skin.
Such a substance may be an alcohol that does not dissolve the protein but alters the conformational
structure of the molecule by displacing water. Water is strongly bound to the active groups of collagen by
molecular interaction forces (mainly hydrogen bonds). Water interacts with ionized groups —OH. The
amount of HO bound depends on the collagen processing technology. Collagen’s behavior through the
dehydration with alcohol can cause an increase of the tightness of genuine leather.

2. Method

Sometimes, to obtain adhesive compounds with high strength and shape resistance, the bonding of textile
materials is carried out by use of steam chemical active media — a combination of processes of heating,
pressure and chemical modification of textile materials and glue by introducing chemical agents into the
zone of adhesive contact by means of a steam medium to increase the adhesive activity of components,
modifications of their surfaces. Chemical compounds (up to 6 components) may be included into the
composition of the vapor chemical active media. The presence of chemical activators in the adhesive
contact zone (urea — 5% and sodium bisulfate — 12%) allows reducing the bonding temperature from 180
°C to 120 °C, upon receipt of the normalized index of the delamination force. When using a three-
component composition (butadiene styrene latex SKS-65GP — 35%, sodium salt — 20%, coagulate — 15%),
the stratification force increases by 2.0-3.0 times, the stiffness — 1.5-2.0 times [9].

The structural unit of collagen is tropocollagen (monomer, 1.5 x 280 nm triple helix segment). The
monomers, when cross-linked, form collagen. Hydrophobic radicals are inside the protein molecule of
collagen, and the hydrophilic are oriented toward the solvent. Denaturation breaks these bonds and spins.
This leads to the displacement of water, changes in the conformational structure of the molecule.
Intramolecular cross-links can be between spiral chains of three-helical particles, inter-molecular cross-
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links can be between three-helical particles. Mucopolysaccharides in the structure of collagen stabilize the
fibrils, regulate the fibril formation, limiting the thickening of the fibrils, and prevent their sticking. Polar
polysaccharide sites bind to ethanol. Ethyl alcohol may bind to phosphate groups of phospholipids and
carboxyl groups of oil chains. Ethanol molecules displace "bound" water molecules from phospholipids,
thereby disrupting their structure [3, 4].

An important factor of the implementation of skin transformation processes at the stage of manufacture of
garments, including the processes of bonding, is the temperature of welding of collagen, which is 60-65°C
for cattle skins. Welding temperature limits vary depending on the type of tanning (the fat tanning skin has
a welding temperature of 65°C, vegetable — 70-85°C, chromium — up to 130°C, formaldehyde — 90°C).

In this regard, the abovementioned factor should be considered when choosing a genuine leather garment
manufacturing technology. This may be managed by the appropriate selection of adhesive liners,
improvement of the processes of bonding, including the skin removal itself, beyond the direct influence of
temperature, determining the rational parameters of bonding and as stated above, the use of chemicals.

3 Research results

The object of the study was the process of bonding and evaluation of viscoelastic properties of genuine
leather and packages based on chemical modification and activation methods. Subjects of the study: two
types of natural garments (upholstery (C1, C2) and velor (V1, V2)) of the chrome tanning method and two
adhesive pads of Hansel firm (art.1101 / 2ZM4 — with low melting point of adhesive point and art. 2102 /
105MS6 used for costume bonding).

Low temperature gasket adhesive materials of various origin were used to form duplicate packages based
on genuine leather velour. Initially, a number of preliminary studies were carried out, which consisted of
bonding of prototypes on a stationary press and subsequent determination of the quality of the formed
package on the basis of indicators of rigidity and delamination effort, as well as visual assessment of the
skin surface. After testing three low-temperature adhesive pads designed to duplicate leather and fur, none
of them met the quality requirements. For this type of skin adhesive pad material — art. 2102 / 105MS6
"Hansel" was selected (most often used in bonding of so-called "complex" costume fabrics — fabrics that
have undergone final stages of the treatment to give the effects of increasing invariability, reducing
shrinkage, etc.). Hansel materials are of very high quality, reliability and great technological variety. This
is due to the use of the latest technology and extensive experience in production of non-wovens and other
nonwovens.

The use of an aqueous solution of ethyl alcohol is the first option to evaluate the ability to create form-
resistant garments, including clothing made of genuine leather. The basis of the fixing effect of alcohol is
the effect on the degree of protein hydration. As a result of water loss, protein molecules decrease in size
and coagulation of the plasma component occurs. In the process of fixing alcohol shows the following
features:

— reduction of dielectric constant of proteins with corresponding strengthening of mutual attraction between
molecules;

—the emergence of new stereochemical bonds as a result of the convergence of previously distant groups
of protein molecules;

— no effect on active protein groups.

Application of the ethanol to the top layer of the wrong side of the skin was performed by a spray (2 ml per
10 cm?) in a special chamber, without passing to the front.

Batch bonding was performed on a semi-automatic laboratory facility developed by us for bonding of parts
from thermosensitive materials within the framework of the experimental design matrix (Box B2 design).
The advantages of the developed installation include the reduction of the effect of temperature on genuine
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leather, which reduces the likelihood of its structural changes. Under these conditions it is possible to
expand the range of adhesive liners with a higher melting point of the adhesive point.

The creation of an original laboratory installation designed for the bonding of heat-sensitive materials
(natural and artificial leather) with adhesive gaskets by non-contact method of heating the adhesive coating
directly, followed by the connection with heat-sensitive material with the help of the pressure shafts. The
general view and schematic diagram of the installation is shown on Fig.1.

Samples for research are made in the longitudinal direction of genuine leather and adhesive materials in
the form of strips: length | = 160 £ 1 mm, width b = 30 £ 1 mm. Before the test, the samples are kept in
normal atmospheric conditions in accordance with ISO 2419 (T =20 £ 1 °C, ¢ = 65 + 5%).

IMixPa 600f [MixPa 600}

Fig.1. General view (a) and schematic diagram (b) of the laboratory installation for bonding of parts made of
thermosensitive materials: 1 - temperature controller MikRa 600 upper (2) and lower (3) flat heater; 4 - sample of
adhesive gasket material; 5 - upper calender; 6 — leather sample; 7 - engine; 8 - lower calender with heating.

The principle of operation of the installation. Connect the device to a power source. Switch on the
MicRa 600 temperature controller 1. Set the temperature of the upper and lower flat heaters 2, 3 (the rate
of temperature rise of the heaters is 6 °C/min). Switch on the heating of the lower Heated roller 8 (Heated
roller temperature rise rate 20 °C/min). Allow time to heat the lower Heated roller and heaters to the needed
temperature. Place a sample of adhesive gasket material on the lower flat heater 3, and the leather sample
is positioned on the surface of the upper Heated roller 5. Close the upper flat heater. Withstand time
according to the value of the melting point of the adhesive coating of the gasket material. Start the engine
that will actuate the lower 8 and upper 5 rollers (rollers speed 0.02 m/s). After the bonding process, turn
off the engine. The pressure in the working area is set by the load of the upper calender. At the end it is
necessary to disconnect the installation from the power supply.

Taking into account previous search studies, as well as the recommendations of manufacturers, the value
of input factors for bonding is presented in Table 1.

Table 1. Input Factors for Bonding

velor (V1, V2) upholstery (C1, C2)
Natural garments
Adhesive gasket material art. 2102/105MC6 art.1101/2ZM4
The levels of variation +1 0 -1 +1 0 -1
Temperature of the lower Heated roller of T;¢, °C | X1 160 150 140 120 100 80
Bonding time t, ¢ X2 |20 15 10 20 15 10
The temperature of the flat heaters, Tr+= const, °C 130 90
Pressure P = const, MPa 0,02 0,02
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Example of mathematical processing of the planning matrix of the experiment (Boxing plan B2) PP = f (T,
t) for bonding of the package V1 + art. 2102 / 105MS is given in table. 2.

Table 2. The results of mathematical processing for the package V1 + art. 2102 / 105MS

Variance of reproducibility: 0,022
The dispersion of the mean according to parallel 0.007
observations: ’
Estimated Kohren criterion: 0,362
Tabular value of Kohren's criterion: 0,516
Regression equation coefficients:
coefficient | coded value accuracy sigllail:il:;::ce significance
X0 2,10850 0,20182 -40,60708 Significant
X1 0,43333 0,07369 0,51883 Significant
X2 0,45000 0,07369 -0,00094 Significant
X12 -0,15850 0,15633 -0,00159 Significant
X1X2 0,00850 0,09026 0,00000 Irrelevant
X22 0,09150 0,15633 0,00143 Significant

Planning matrix and experiment results:

X1 | X2 Y1 Y2 Y3 YMIN | YMAX | YSR | YRAS | DISP
1 1 12900 | 3,200 | 3,000 | 2,656 | 3,410 | 3,033 | 2,925 | 0,023
-1 111,900 | 2,100 | 2,100 | 1,750 | 2,316 | 2,033 | 2,058 | 0,013
11 -112200]| 1,900 | 2,000 | 1,656 | 2,410 | 2,033 | 2,025 | 0,023
-1 1 -1710900| 1,200 | 1,100 | 0,690 | 1,444 | 1,067 | 1,168 | 0,023
2,300 | 2,300 | 2,200 | 2,131 | 2,403 | 2,267 | 2,383 | 0,003
-1 1 0 | 1,700 | 1,600 | 1,600 | 1,497 | 1,769 | 1,633 | 1,617 | 0,003
0 112800 | 2,300 | 2,600 | 1,944 | 3,190 | 2,667 | 2,650 | 0,063
0| -1]1700]| 2000| 1,800 | 1,456 | 2,210 | 1,833 | 1,750 | 0,023
Table value of the Fischer criterion (Fiap): 3,2389

2
=2

O N[O [W|IN |
-
S

Estimated value of the Fischer criterion (Fest): 2,81949

The model is adequate.

Mathematical processing of the obtained data allowed us to obtain two-factor second-order mathematical
models that adequately characterize the process under study according to Fisher's criterion (according to
which, the calculated values (Fest) of this criterion should be less than the tabular (Fiap) Fest= 0.71-2.77 <
Ftab = 363)

*V1 +art. 2102/105MC: *C1 + art.1101/2ZM4:
Y=2,11+0,43X1+0,45X2-0,16X12+0,09X2?; Y=1,51+0,45X1+0,34X2+0,06X12+0,04X22;
*V1 + C2HsOH + art. 2102/1056MC6: *C1 + CoHs0H + art. 1101/2ZM4:
Y=2,59+0,43X1+0,54X2-0,12X12-0,07X2 Y=1,48+0,46X1+0,35X2+0,08X12+0,07X2?;
*V2+ art.2102/105MCE6: *C2 + art.1101/2ZM4:
Y=1,21+0,37X1+0,13X2+0,21X12+0,04X2%; Y=1,46+0,53X1+0,38X2+0,46X12+0,24X1X2-
0,31X2%
*V2+ C2Hs0OH + art.2102/1056MC6: *C2 + CoH50H + art. 1101/2ZM4:
Y=2,99+0,91X1+0,16X2-0,06X12+0,04X2Z; Y=2,18+0,53X1+0,16X2+0,19X12+0,10X1X2-
0,01X22.
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According to mathematical models, geometric surfaces of the dependence of the response function on
factors X1 and X2 in three-dimensional space were constructed. The graphical dependencies of the
stratification force on the temperature and the time of bonding (Fig. 2), allow determining the range of

rational parameters at which the achievement of the recommended level of bonding quality (P, =2 N/cm)
is guaranteed.

V1 +art. 2102/105MC V2+ art.2102/105MC6

V1 + C2HsOH + art. 2102/105MC6 V2 + C,HsOH + art. 2102/105MC6

Fig. 2 Dependence of Response Function on Factors X1 and X2 for Packages Based on Genuine Leather velor (V1,
V2) Before (a) and After Surface Treatment CoHsOH (b).

Previous studies have investigated differences in the properties of individual areas of genuine leather,
which creates some complexity in the technology of manufacturing garments both at the stages of cutting
individual parts, and when applying thread connections. It is established that when duplicating some types
of leather with adhesive gaskets, there are certain difficulties in ensuring the normative indexes of the
delamination effort. In this regard, the technology of increasing the adhesive properties of individual parts
of garment parts by treating the surface of the skin with substances with amphiphilic properties (ethyl
alcohol), which allow due to partial leaching of the fat component and changes occurring on the skin
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surface (impact on collagen fiber) to obtain more rational (in terms of energy consumption) bonding
parameters and to provide the prerequisites for creating packages with different zonal stiffness indicators
(Table 3).

Table 3. Rational Options for Packet Bonding Based on Genuine Leather

Bonding options
Components of
packages without pre-treatment of the the surface of genuine leather is
genuine leather surface pre-treated with ethanol
Tic, °C t, c Tic, °C t,c
C1 + art.1101/2ZM4 110 15 100 10
C2 + art.1101/2ZM4 110 15 100 10
V1 + art.2102/105MC6 150 15 130 15
V2 + art. 2102/105MC6 150 15 130 15

The effect evaluation is based on the bending stiffness and delamination efforts, such as the processing
of genuine leather. It is established that due to such processing, the indices of delamination force increase
by 20-35% and the indices of bending stiffness in the longitudinal direction, when placing the skin face up
and face down, increase respectively by 1.5-2.2 times and by 1.4—1.6 times.

Appropriate local surface treatment of the leather gives the opportunity to simultaneously obtain the
following effects: changing of the elastic properties (in particular, stiffness) and increasement of the
adhesive properties of the surface of the genuine leather, while maintenance and improvement of the
performance properties provided by the manufacturer.

4 Conclusions

It is established that in the manufacture of garments made of polymeric materials, which have undergone
many stages of processing at the stages of production and furnishing of textile and leather materials, it is
necessary to take into account the change of primary properties, including especially the adhesion of the
surface.

A wide range of methods and means for activating the surface of materials have been identified that
significantly affect the quality of garment performance, including changes in viscoelastic and performance
properties. In this regard, it is advisable to carry out further research in the area of forming the sewing
products due to the biased activation of the surface and bonding of their details. This should consider the
topographical features of garments, including genuine leather, and the possibility of provision of a high-
quality adhesive connection, taking into account the temperature indices of collagen welding.

Further improvement of the adhesive technology in the production of garments can be achieved due to
the use of polymeric adhesives with high cohesive strength and adhesion to polymeric materials of various
purposes, as well as to the development of more rational technological solutions in the production of
garments that meet the economical and ecological modern challenges. Addressing this issue will not only
improve the quality and competitiveness of domestic garments, but also reduce the cost of imported
materials and garments, including these for the needs of power structures.
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1 Introduction

In this age of commercialization, the success of any businesses is highly contingent upon the
acceptance of their services and products by their target customers. In addition, globalization causes the
fashion business, identical to all other businesses, entering into a fierce competition and all parties
involved in the global textile and apparel (TA) market are seeking to display their products before
customers at the lowest price, but still high in quality. The concept of quality is so pervasive in the TA
industry that it has to maintain throughout the entire supply chain. The early detection of any quality
deterioration issue will enhance the chance to rectify that defect in a timely and cost-effective manner.
For an example, if a hole in the grey knitted fabric, because of faulty machine set up, identified at the
beginning of knitting process, it will increase the likelihood of not carrying more holes to the finished
fabric’s spreading and cutting stage where having more hole could cause rejecting the entire fabric roll.
Though quality control and assurance (QCA) is not free, overlooking any lack of quality from any stage of
the supply chain causes that product reaching to the customer and eventually rejected by the customer
has far more negative consequences and expensive than the initial QCA cost. The existence of defect(s)
would reduce the expected performance of the knitted fabric. If a knitwear made out of defective fabric
and having defect(s) appeared on a prominent position of that article would readily be seen and rejected
by a prospective customer. In the textile industry, the grey fabric quality is often relaxed and hence,
overlooked. It is because some of the defects identified in the grey fabric might disappear in the finished
fabric stage after the dyeing and finishing process. This is true when both fabric manufacturing and
dyeing mills are synced in terms of quality assessment and they are following right approach to fix any
quality defect; if not, the cost of the defect incur exponentially until the product is rejected by the ultimate
consumer.

While addressing grey fabric quality in a renowned circular weft knitting factory of Bangladesh, the
authors experienced some questionable approach practiced by knitters/inspector. Though a number of
smart technologies (e.g., image analysis, neural network algorithm or fuzzy logic, artificial intelligence
[Al]) are available for the knit fabric inspection, human-centered inspection is still the most reliable and
widely practiced method. However, a number of research argued the possibility of implementing Al in the
TA industry because it might improve production efficiency and augment the capabilities of their human
employees [1]. The very interlooping structure of knitted fabric along with yarn hairiness makes it difficult
to use smart technologies for knit fabric than that of woven fabric [2]. The subjective nature of defect
detection by knitters often causes wrong emphasizing on frequently occurring defect(s) instead of
focusing on influential defect(s) and subsequently, employing wrong quality control approach to minimize
the grey fabric defects. Almost all of the previous studies on knitted fabric defects control were based on
cumulative defect numbers [3] [4] [5] [6] rather than emphasizing on original quality impacted by the
defects (i.e., how these defects influenced fabric roll rejection or acceptance decision). In addition, these
studies did not incorporate any standardize fabric inspection method to evaluate fabric quality through
defect points. In the actual manufacturing business, knitted fabric quality acceptance is determined by
some predetermined point limits agreed upon between the manufacturer and the buyer. Considering the
defect size and gravity, if any defect is responsible for the maximum point in the quality inspection report
based on the agreed point system, it should be identified as the most influential defect. Different fabric
inspection methods (e.g., 4-point system, 10-point system, Graniteville “78” system, Dallas system, and
Textile Distributors Institute system) are practiced throughout the world to determine the acceptability of
fabrics from a quality standpoint. However, the 4-point system based on ASTM D5430-13 (2017) [7] is
widely recognized for knitted fabric inspection [8]. Besides, the 4-point is system is approved by The
American Society for Quality Control (ASQC), Textile and Needle Trades Division, The American
Apparel Manufacturers Association (AAMA) and is used by the United States Government for all of their
piece goods purchased [9]. This study is particularly aimed to evaluate the significance of knitted fabric
defects based on their contribution using the widely practiced 4-point system along with their frequency
of occurrence on a particular quantity of knitted fabric produced in a renowned knitting mill of
Bangladesh.
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1.1 Fabric defect types

Fabric defects refer to any abnormality in the fabric that hinders its acceptability by the consumer. From
the ASTM D3990-12 (2016) standard, knit fabric defects are sorted as hole, stain, press-off, snag, gout,
miss knit, barré, slub, tucking, think place, thin place, bow, dropped stitch, crack mark, float, loose
course, skew, snarl, split stitch, spot, and streakiness [10]. According to this ASTM D3990-12 (2016)
standard, gout (see Fig. 1a) referred to “foreign matter trapped in a fabric by accident, usually lint or
waste”; press-off (see Fig. 1b) referred to “a condition in which the yarn fails to knit and either the fabric
falls off the needles or the design is distorted or incomplete”; hole (see Fig. 1c) referred to “an
imperfection where one or more yarns are sufficiently damaged to create an aperture”; miss knit (see
Fig. 1d) referred to “a deviation from the designated knitting pattern”; stain referred to “an area of
discoloration that penetrates the fabric surface”; and tucking referred to “one or more unwanted tuck
loops.” From the same standard, crack mark referred to “an open place causing a streak of variable
length approximately parallel to the length or width”; thick place (see Fig. 1e) referred to “an
unintentional change in fabric appearance characterized by a small area of more closely spaced yarns,
or by a congregation of thick yarns as compared to the adjacent construction”; loose course referred to
“a row of loops in the widthwise direction that is larger, looser, or longer than the stitches in the main
body of the fabric”; barré (see Fig. 1f) defined as “an unintentional, repetitive visual pattern of continuous
bars and stripes usually parallel to the filling of woven fabric or to the courses of circular knit fabric”; and
dropped stitch referred to “an unknitted stitch.”

(a) Gout (b) Press-off

(d) Miss knit (e) Thick place (f) Barre
Fig. 1 Knit fabric defect types

1.2 Fabric defect causes and remedies

The sources of grey knit fabric defects could be i) faults in yarn and the yarn package, ii) yarn feeding
and yarn feed regulator, iii) machine setting and pattern defects, and iv) machine maintenance [11].
From authors’ industry experience and various recognized industry standards (e.g., ASTM D3990-12
(2016), [10], ISO 8499-03 [12] and MIL-STD-1491 [13]), the causes and remedies of various defects on
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grey knit fabric are discussed in this section. The presence of dead fibers and other foreign materials
(e.g., dyed fibers, husk, synthetic fibers) and clinging of dyed and other types of fibers (flying from the
adjacent knitting machines) that embedded in the grey fabric are causes for gout defect. Using yarns
free from dead fibers and other foreign materials for knitting and segregate knitting machines with plastic
curtains or nets to prevent the fibers flying from the neighboring machines are few remedies for this
problem. The grounds for press-off defect are yarn end breakage on feeders and yarn’s failure to feed
into needle hooks due to faulty feeder position. Adjusting proper yarn tension and feeder position in
relation to needle sizes along with using needle detectors would be the solution for this press-off defect.
The origins for hole problem are high yarn tension, yarn overfeed or underfeed, high fabric take down
force, and obstructions in the yarn passage. The sources for miss knit defect are faulty positive feed
system and wrong feeder setting. The reasons for stain related defect are fiber and fluffs accumulation in
the needle tricks which remain soaked with oil and excessing oiling in the needle need. Having weaker
fabric take-up force, setting dial in higher place, having tighter loop, and setting course density
incorrectly act as triggers for tucking defect. Most of these causes are related to the knitting machine
operation and therefore, optimum and correct machine set-up is required to reduce grey fabric defects.

In the industry, the grey knit fabric defects should be assessed by type, fault coverage, gravity and the
frequency of occurrence instead of focusing only on frequency of occurrence in the fabric. For an
instance, the gout is found as a frequently occurring defect in the inspected knit fabric rolls. Based on the
quality report, the knitter employs segregating knitting machines with plastic curtains or nets to prevent
the fibers flying from the neighboring machines- a quality control approach. Apart from this gout being a
frequently occurring defect, if it also exists as an influential defect (based on its gravity and point
dominance in the inspection report), the action taken by the knitter is rational and justifiable. However,
most of the time, the type of frequently occurring defect(s) and the influential defect(s) are not the same
and it makes the quality assurance program somewhat imprudent.

1.3 Significance of this study

In comparison to the finished fabric quality, there is a paucity of studies on grey knit fabric quality.
However, previous studies analogously stressed only on the frequently occurring defects while
addressing grey knitted fabric quality [3] [4] [5] [6]. In the study of Sadi et al., they identified five
frequently occurring defects (e.g., hole, contamination, dirty spot, oil spot and lycra out), which were
accounted for 90.10% of the total defects [6]. In another study, four critical fabric defects (e.g., needle
line, hole, yarn variation, and lycra jump) were determined based on their frequency of occurring and
these defects were accounted for 80% causes of quality defects [3]. Similarly, other studies focused on
classifying defects based on their frequency of occurring [4] [5]. Moreover, these studies used local or,
factory terminology when described defects rather than using their standard name (ASTM D3990). To
determine the dominant or influential defects from the fabric inspection, this study accentuates using the
maximum points occupying defects rather than using their frequency of occurring only. For an example,
1000 gout defects with one point each will yield 1000 points, whereas 300 holes with four points each will
yield 1200 points. Based on the previous studies, gout would be identified as dominant defect, whereas
in actual situation, hole would be an influential reason for rejecting fabric before gout. In this study, grey
weft-knitted fabric quality is investigated using the maximum points occupying or influential defects
instead of frequently occurring defects approach.

2 Materials and methods

Quality data of plain single jersey (100% Cotton, 34/1 Ne yarn count, 140 GSM), fleece (100% Cotton,
26/1 Ne yarn count, 300 GSM) and 1X1 rib (100% Cotton, 30/1 Ne yarn count, 200 GSM) were gathered
and analyzed from an established knitting factory in Bangladesh over three months duration using 24gg
and 18gg for single jersey and double jersey circular knitting machine respectively. A fabric inspection
machine (accuracy of checking selvedge: +5 mm and accuracy of counting length: < 0.50%) and
standard fabric inspection method (4-point system) based on ASTM D5430-13 (2017) were employed in
this study. The nature of defects, number of defects and points associated with the defects were

tabulated and analyzed according to the fabric type to determine their frequencies of occurrence and
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influence on the fabric quality report. The Table 1 shows point values of fabric defects according to the 4-
point system.

Table 1. Allotted points for fabric defects based on 4-point system

Length of defect in fabric Demerit points Holes and Opening Demerit points

Up to 3 inch 1 Any hole except a pin hole 4
Over 3 inch up to 6 inch 2
Over 6 inch up to 9 inch 3
Over 9 inch 4

The total penalty point is calculated by using Equation (1) for 100 yard?fabric. Typically, the acceptable
points per 100 yard? inspected fabric is mostly dependent on the agreement between buyer and seller.
However, this study employed grade A, B, and Reject for up to 20, 20-30, above 30 points per 100 yard?
respectively.

Total point X 36 X 100
Total roll length in yards X cuttable width in inch

Points per 100 yard? =

(1)

3 Results and discussion

Total areas of inspected fabrics were 18405.10 m? 27308.67 m? and 9811.14 m? for single jersey,
fleece, and rib fabric respectively. Fabric defects (see in Table 2) were gathered and analyzed according
to fabric type and classified according to their presence and dominance. For single jersey fabric, gout
was the most occurring defect (accounted for around 2/5" of total observed defects) followed by miss
knit, press-off, and hole. Likewise, for fleece fabric, gout was the most occurring defect (accounted for
around 3/5™ of total observed defects) followed by press-off and hole. However, the presence of other
defects (e.g. tucking, barré, dropped stitch) was quite rare in fleece fabric. For the 1X1 rib fabric, both
gout and stain were the most occurring defect (jointly contributed for more than 1/2™ of total observed
defects) followed by hole and press-off (jointly contributed for around 2/5" of total observed defects).

Table 2. Allotted points for fabric defects based on 4-point system

Defect

Fabrics frequency Gout Press Hole MIS.S Stain T.UCK Crack  Loose Barré Dro.pped Thick
. -off knit ing mark course stitch places
and points
Frequency 15, 49 38 56 29 8 7 6 5
of defect
Single
Jersey Defect
points/100  1.35 1.07 083 122 032 0.04 0.15 0.13 0.11
sq. yard
Frequency — 4q0 119 117 68 2 10 3 2
of defect
Fleece Defect
points/100  3.60 1.74 1.71 0.50 0.02 0.15 0.04 0.03
sq. yard
Frequency o5 g1 g2 10 88 7 4 6 1
of defect
1X1 Rib Defect
points/100 1.84 249 253 0.41 1.79 0.14 0.16 0.25 0.02
sq. yard
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Overall, gout was found as the most frequently occurring defect for all fabric types. However, based on
gout’s points dominance in the inspection report, it was found as the most influential defect for both
fleece and single jersey fabric, but not for the 1X1 rib fabric (see Fig. 2). Hole was found as the most
influential, yet second most occurring defect for rib fabric. In the inspection report, the knitter/inspector
mistakenly categorized gout as the most occurring as well as the most influential defect for 1X1 rib fabric
and suggested remedies accordingly. For the grand total of 55,524.91 m? inspected fabric, the most
occurring defects were ranked as gout, press-off, hole, miss knit, stain, and tucking (highest to lowest).
This finding supports the previous study conducted by Hossain, Moin and Mahabubuzzaman [4] and
hole was identified as one of the frequently occurring defects [3,6]. Considering the points occupied by
these above-mentioned defects (i.e., influential defects), they were ranked as gout, press-off, hole, stain,
miss knit, and tucking (highest to lowest).

Points allotted for different types of defect

4
T 35
[}
>
o 3
(73]
o
2 25
g
o 2
=
S 15
B
Ko
(0]
o

1
a | .

Gout Press-off Hole Missknit Stain Tucking Crack Loose Barre Dropped Thick
mark course stitch  places

m Single Jersey mFleece 1X1 Rib

Fig. 2 Defect points allotted for different types of defect

Based upon the principle of frequently occurring defects, similar to previous studies, the gout defect
would deserve the knitters’ or industry practitioners’ the utmost attention to contain it, followed by stain,
press-off and hole for 1X1 Rib fabric. In addition, gout, stain, press-off, and hole defects are accounted
for 27%, 27%, 19% and 19% of total defects respectively based on their frequency of occurring for the
same fabric (Fig. 3, inner pie chart). However, this study made a case to see these defects in terms of
their ultimate contribution to the fabric roll rejection or acceptance decision based on their points
allocation in the fabric inspection report. In the outer pie chart of Fig. 3, gout, stain, press-off, and hole
defects are accounted for 19%, 19%, 26%, and 26% of total defect points respectively in the inspection
report. The fabric inspector practices defect points as a guideline to accept or reject the fabric roll instead
of cumulative defect numbers. Therefore, unlike previous studies, this study identified the importance of
shifting knitters’ or industry practitioners’ attention from cumulative defect numbers to maximum point
allocating defects for knit fabric and address corrective actions accordingly. In summary, categorizing
influential defects, grounded on the highest point allocation, would ensure the right approach for quality
assurance for the grey knit fabric.
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Fig. 3 Frequency of defects (inner circle) vs. defect points/100 yard? (outer circle) for 1X1 Rib fabric

4 Conclusions

Defects detection in the grey fabric state is very crucial as it gives the scope of rectifying the faults at the
early stage of manufacturing process. However, some defects like spot, needle line (vertical crack mark)
are noticeable in the grey fabric state could be invisible after dyeing. Alternatively, some defects (e.g.,
barré) are imperceptible in the grey fabric state could be discernable after fabric coloration. The best
approach would be maintaining a database of defects over a couple of years and coordinate the
outcome with the dyeing department to determine which influential defects should address in the grey
state through a quality assurance program. In this study, it was not possible to justify the presence and
impact of observed different defects on finished fabric quality. This study was conducted in a particular
factory in Bangladesh and therefore, the researchers were unable to justify the outcome of this research.
The sources of knitted fabric defects are mostly— yarn fault, knitting fault, and fault occur due to the
environment [11]. Therefore, grey weft knit fabric quality should be addressed and coordinated
throughout the entire supply chain. Many recognized literatures and standards such ASTM D3990-12
(2016) [10], ISO 8499-03 [12] and MIL-STD-1491 [13] captured knit fabric defects/faults/flaws quite
elaborately. However, a more in-depth future study is warranted to identify underlying potential root
causes and eliminate grey fabric defects permanently. In this study, it is evident that knitter/inspector
wrongly categorized gout as influential and the most occurring defect for all fabrics. The findings,
therefore, indicate the action plans should be taken on priority basis for an effective quality assurance
program in the knitting floor.
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This paper is a comparison of water vapor resistance (Re:)
measured using the Permetest skin model and Tore sweating
thermal manikin, i.e. 2D versus 3D methods; and to study the
relationship between them. Three materials and five air gap
distances were used for the measurement between these two
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Results of the correlation coefficient of three materials showed that
they all had a strong increasing trend between the Permetest skin
model and the sweating thermal manikin. From the regression
analysis, the P-value of all three materials showed that P < 0.05
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100% polyester R?=0.99. However, Re: resulting values from each
device slowed down after 12 mm air gap distance.
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1 Introduction

Water vapor resistance (Ret) is one of the important parameters in clothing comfort [1-3]; the sweating
thermal manikin and the Permetest skin model are apparatuses used by researchers and scientists to
test on garments, textile for the value of Ret [4-6].

The sweating thermal manikin [7,8] is an anatomically correct, human-like robot that the whole body is
divided into segments; each segment of the thermal manikin is a heat zone where the body shell surface
temperature can be controlled and adjusted using a computer program to simulate human body heat for
thermal comfort of clothing tests (Fig. 1). Because of the human form, thermal manikin can measure
convective, radiative and conductive heat losses in all directions over the whole surface or a defined,
local surface area [9]. From one-segment of copper manikin, which was invented and used by the U.S.
military for researching on thermal heat transfer through protective clothing ensembles in 1941 [10], to
multi segments made of plastic or metal, thermal manikin has been developed and been re-invented in
many different ways [11-15]; for examples, from dry to wet (sweating) thermal manikins, female and
baby manikins, head, hand and foot manikins, breathable manikin for medical research purposes, fabric
manikin - Walter for giving Rc/Ret results in the same test, and even inflatable manikin [16]. In sweating
thermal manikin, small holes are embedded in particular segments on the body that can secrete water to
simulate the sweating glands on the human body and some models can perform simple movements like
cycling and walking activities. When testing for evaporative resistance (Ret), the manikin will be put on a
tight fabric skin which is moisture permeable to evenly spread out moisture, and clothing simply hangs
on top of the skin, results are directly recorded in the computer program. Though thermal manikin is
considering one of the most accurate apparatus for testing thermal and evaporative resistance of
clothing system, it still has rooms for improvements. For example, researchers are still debating heat
loss or mass loss method should be used when testing for Re: [17]; it is difficult to detect and to control
the skin surface temperatures [18,19], etc.

The Permetest is one of the smallest skin models among others; like Alambeta and Thermo Labo [20,21].
The concept of the Permetest is derived from the Hohenstein skin model — sweating guarded hot plate
(SGHP) — which is to measure evaporative resistance of fabric by generating a unidirectional heat flux
through the sample, then the evaporative heat loss is recorded in the steady state [22-24]. However,
maintaining the hot plate perfectly flat with even and constant heat; and preventing heat loss by
insulation still have a discrepancy [25-29].

The Permetest skin model (developed by Hes) works on the principle of heat power sensing by
maintaining constant heat supply to the measuring head is measured with and without fabric sample
(Figure 2). When testing Ret, sample textile/clothing (without cutting) is put on the small circular hotplate
which is covered by a thin layer of vapor permeable membrane function as the wet skin inside the wind
channel for testing (Fig. 3a-e). The measuring head where the supplied water gets evaporated is
measured; the partial saturated pressure of the measuring head with and without sample, and the partial
pressure of the ambient atmosphere are also measured under the isothermal condition. A lot of articles
have already published regarding these two apparatuses testing on different garments and materials like
protective clothing, knitted fabrics, testing garments in multi-layers; mass, thickness, dry and wet state of
materials; footwear materials and even using manikin and Permetest to test on different parameters of
the same material [30-35]. These experiments showed that physical and mechanical properties like
drapability, air permeability, porosity, thickness and so on of materials/clothing influence the results of Re:.
For example, over- or underestimation of heat loss caused by condensation when low permeability
clothing is tested in low ambient temperature [36-38]. However, this paper is focused on finding out the
correlation between the Permetest skin model and the thermal manikin these two apparatuses. Knowing
the correlation of these two apparatuses is useful to predict the Ret when there is no access to the
manikin, and also save time and labor cost. The only limitations of the research are 1) the maximum air
gap thickness is 16 mm, a limit of the Permetest; 2) only three materials were tested; 3) after 12 mm air
gap distance, R started to slow down or stabilized.
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2 Method

Two apparatuses were used for the experiment, Permetest skin model and the sweating thermal manikin.
Tested samples were woven materials shown in Table 1. Samples were washed to minimize the
finishing on the materials, hang dry then iron flat before used for tests. Five air gaps between 0-16 mm
were applied during tests which were 0, 4, 8, 12 and 16 mm. Each material was tested three times on
each apparatus with the combinations of five air gap distances

Table 1. Properties of materials

Material 100% Cotton 50/50% 100% Polyester
Cotton/Polyester
Blended
Type Plain Plain Plain
Weight (g/m?) 156 159 159
Thickness (mm) 0.30 0.38 0.43
Fabric Density 26/22 26/26 24/16
Warp/Weft (per cm)
Air Permeability (I/m%s) 234 272 579
Absorption Rate (%l/s) 13.33/35.50 11.81/39.24 7.81/20.07
Top/Bottom
Porosity (%) 66 71 73
Drapability (%) 34 39 43

2.1 Permetest skin model

Materials were used directly without cutting. Air gap distance was applied by using 100 percent foamed
polyethylene in 2, 4 and 5 mm thickness rings and their combinations (Fig.3a-e). To balance the
thickness of the air gap distance created by the stack of rings and to maintain the smooth air current flew
inside the wind channel, two types of rings were cut: outer rings were put around the base of the
hotplate for counter thickness; inner rings were placed inside the wind channel on the hotplate to create
the air gap distance. The outer ring was 12cm in diameter on the outer circle and 10cm on the inner
circle, width 2cm. The inner ring was 8cm in diameter on the outer circle and 6cm on the inner circle,
width 2cm. Each material was tested three times under 0, 4, 8, 12, 16 mm air gap distance in a vertical
orientation to simulate the vertical air gaps on the manikin and in an isothermal condition. As required in
the ISO 11092 [39], the climatic chamber was set up at 50-55% in relative humidity, wind speed at 1m/s
and air temperature at 22-24 °C.
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Fig. 3 (a) Permetest skin model in the horizontal ) ) . . .
orientation (b) Permetest skin model in the vertical orientation

(e) Showing inner rings placed
inside the wind channel on the
hotplate

(d) Showing outer rings stacked on

(c) Sizes of outer and inner rings the base of the hotplate

Each determination of evaporation resistance Ret of a sample consists of two steps: first test without
sample, second test with air gap distance ring of thickness h covered by a sample. When the heat flow

geto reaches the steady state, the result of the first step is given by the Eq. (1), where Reto presents
resistance of the boundary layer above the measuring surface of the instrument:

eto = (Ps - Po)/Reto (1)

Here, Ps means partial pressure of the saturated water vapour and P, is the partial pressure of the water
vapour in the measuring channel of the testing instrument. The second step characterises the heat flow
passing through the measuring head of the instrument covered by the tested sample:

Qet = (Ps - Po)/ (Reto + Ret) (2)
for the case without the distance ring in Eq. (2) or with distance ring in Eq. (3)

Cetg = (Ps - Po)/ (Reto+ Ret + Reg) (3)

which creates the additional air gap resistance Reg. Reg = h/D, where D is the coefficient of diffusion of
water vapour in air, which can be found in tables. The required evaporation resistance of the sample Ret
yields solution of Eq. 1 and Eq. 2. The required total evaporation resistance of the sample Re: + air gap
resistance Reg yields solution of Eq. 1 and Eq. 3. When from the achieved value the evaporation
resistance of the sample Retis deduced, we obtain evaporation resistance Req Of the air gap.

2.2 Sweating thermal manikin

Tore is the thermal manikin used in the experiments. A close-fitted shirt (approximately 0 mm air gap, Fig.
4 a-f) was made by the molding method [40]. Based on this shirt, 4, 8, 12, 16 mm air gap distance was
added into the shirt pattern circumference as wearing allowance. All shirts were sewn by a fine 100%
polyester thread (Polysheen® No. 40) with a fine machine sewing needle (Schmetz 70/10). The sewn
seams were pressed open under a press-cloth with high heat to melt/expand the polyester thread to
minimize the size of needle holes to reduce heat loss. A total of fifteen combinations of shirts of three
materials with 0, 4, 8, 12, 16 mm built-in air gap distance were made. The air gap distance around the
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torso when the shirt was put on the manikin might not be the same as desired, for example; on the
shoulder areas might have 0 mm air gap distance. Each of the 15 shirts combinations was tested three
times for evaporation resistance on a heated thermal manikin with pre-wetted skin in an isothermal
condition. ISO 15831 was followed. The climatic chamber was set up at 50% in relative humidity, wind
speed at 0.145 m/s and air temperature at 34 °C.

(b) The molding method -- duct tape
was applied on top of the plastic (c) Unmolded front and back pieces

Fig. 4 (a) Tore — sweating thermal shrink wrap which was tightly and were divided into small
manikin wrapped around the torso of the segments according to the contour
manikin for protection and easy lines on the manikin’s torso
unmolding

(f) The finished shirt was completed
with bodice and sleeves and was

(d) Unmolded arm piece from

shoulder to wrist and cut into small
segments closed in the center back

(e) Arm piece was converted into
two-dimensional sleeve patterns

For each 40 minutes observation, 20 minutes of steady state was taken for calculating the result as in Eq.
(4), where Pas is the manikin skin water vapor pressure (only torso and arms); Paa is the ambient air
water vapor pressure; HL is the heat loses of the torso and arms only.

Ret = Pas — Paa/ HL (4)
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3 Results

Resulting data in Table 2 were analyzed by three methods: a) Correlation coefficient in Table 3; b) Linear
regression (Fig. 5a-c); c) 2-way ANOVA.

Table 2. Ret results from the Permetest skin model and the thermal manikin

Mean values of evaporative resistance of materials

(Pa*m?*W)
Air gap
distance 100% CO 50/50% CO/PES 100% PES
Permetest Manikin Permetest Manikin Permetest Manikin
0 mm 3.50 4.90 3.70 5.87 1.40 1.73
4 mm 5.30 4.90 6.10 6.20 4.60 4.27
8 mm 10.70 10.27 11.50 10 9 6.47
12 mm 19.40 10.27 22.20 10.87 16.70 10.23
16 mm 21.90 11.83 26.70 13.03 19.60 12.13

Results from the Permetest skin model and the thermal manikin showed that when the air gap distance
increases, the evaporative resistance increases and the increasement slows down after 12 mm air gap
distance in both apparatuses. An interesting thermal manikin Ret results from 100% cotton, it showed
that 0 and 4 mm; 8 and 12 mm air gap distances had the same mean values. The original data showed
that results from these four air gap distances were different but the values were very close. However,
these results may also cause by the thickness, drapability, porosity and evaporation of the fabric itself,
further investigation needed.

a) Correlation coefficient of Permetest skin model and the thermal manikin

Table 3. Values of correlation coefficient from three materials

gg;ﬁilsittie?\rt‘ 100% Cotton g?)/tStg:/:/Polyester 100% Polyester
Permetest Manikin Permetest Manikin Permetest Manikin

Permetest 1 1 1

Manikin 0.91 1 0.95 1 0.997 1

Results from all three materials showed that their correlation coefficient (r) values between the
Permetest skin model and the thermal manikin had a very strong positive trend. For the results from
100% polyester, the r is almost 1.

b) Linear regression between Permetest skin model and the thermal manikin

Correlation determination (R?) of 100% cotton is 0.83, 50/50% cotton/polyester blended is 0.91, and
100% polyester is 0.99 almost 1 to 1 relationship. Results mean that each unit of Ret changes in the
thermal manikin is highly related to the changing in the Permetest skin model.
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Fig. 5 Regression between Permetest and thermal manikin of 100% cotton (a), 50/50% cotton/polyester blended
(b), 100% polyester (c)

c) 2-way ANOVA of Permetest skin model and the thermal manikin with 0 to 16 mm air gap
distances in three materials

Results showed that P-value of three materials were: 100% cotton P<0.05; 50/50% cotton/polyester
P<0.05; 100% polyester P<0.01 in 95% confidence level. Three materials P<0.05 show that there is a
significant difference between the results of Permetest and the thermal manikin which is because these
two apparatuses are fundamentally different when taking the Ret measurement as shown in Table 4.

Table 4. Differences between Tore — the thermal manikin and the Permetest skin model

Tore — Sweating Thermal Manikin Permetest Skin Model

Shape Human form Rectangular form

Dimension Height 170 cm, chest 94 cm, waist ~ Length 54 cm, width 23 cm, height 13
88 cm cm

Weight Unknown 7 kg

Materials Plastic form shell, inside supported  Metal
by the metal frame for body parts
and joints

Total heated measured area 1.774 m? 50.265 cm?

Measuring Method 3D — Ready-to-wear garments 2D - Flat surface of textile or garments

(non-destructive)

Measuring Time 20 minutes of steady state out 1 to 5 minutes in each measurement in
of 40 minutes total measuring time  average

ISO Standard 15831 11092

4 Conclusions

Tore — the sweating thermal manikin and the Permetest skin model were used to examine the
evaporative resistance (Ret) of the combinations of three materials (100% cotton, 50/50%
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cotton/polyester, 100% polyester) and five air gap distances (0, 4, 8, 12, 16 mm). Each apparatus’ set up
environment was according to a different IOS standard but the method for testing materials was different;
materials were made into shirts to be tested on the manikin and were directly tested on the Permetest
without cutting. Results were analyzed by three methods: correlation coefficient, correlation
determination and the P-value. The correlation coefficient results from all three materials showed a very
strong positive increasing relationship between the manikin and the Permetest skin model. The R? of the
three materials are also very strong that it indicated that the Ret values of the manikin are highly
predicted by the Permetest skin model and vice versa. However, P < 0.05 in all three materials in the
two-way ANOVA showed the significant difference between the two apparatuses; it was caused by the
different methods of testing materials on each apparatus, 2D versus 3D. Overall, this experiment shows
that values of evaporative resistance (Ret) can be predicted between the manikin Tore and the
Permetest skin model for the 100% cotton, 100% polyester and 50/50% cotton/polyester blended within
a narrow air gap from 0 to 12 mm, then the trend will become stabilized or slow down.
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1 Introduction

The idea of electronic textiles has been around for many years now and very interesting products have
been launched to the market already. First products for the monitoring of vital parameters have already
been developed in the nineties [1]. Those products got a lot of attention but still they could not achieve a
breakthrough in the market.

We at KARL MAYER have been thinking about the reasons for this and found several obstacles that still
exist for these products. Many researchers direct their activities to important topics like washability [2]
and standardization of electronic textiles [3], which will improve the future products a lot. In our opinion
there are still some topics missing that will be essential for a good wearer experience.

One very important topic is the price. Current smart garments tend to be expensive and are therefore not
used for the daily life. The widely known jacket, which was developed by Jacquard™ by Google and
Levi's® currently sells for 248 $ [4], while permitting to operate your phone when interacting with your
jacket, but not adding new function to the wearers’ environment. This might be fine for a jacket that will
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not be needed every day, but underwear or regular clothing that you will need in a higher amount has to
be affordable for everyone. While the price in case of the jacket might depend a lot on the big names of
the developing companies, there are also other factors that make the products expensive.

The electrically conductive materials are more expensive than regular yarn materials. This is the one
parameter we cannot change as a machinery manufacturer. What we can do is improving the textile
production process. Currently a textile is produced and functionality is added later in a second step.
Often these steps don’t happen at the same place and are done by people with technological knowledge
for this one step only. But as everyone knows, time, transport and human resources make the production
more expensive and therefor also the product itself. For this reason, our approach is to reach an almost
ready-made product in only one step.

Another important issue is the textile itself. All processes of functionalization have one thing in common.
They add something that will change the behavior of the textile. Glued sensors will always be noticeable
even if they are flexible, they will act differently than a textile. They will stick to your skin when you sweat
and prevent the transport of moisture. Also the risk of delamination shortens the lifecycle of the product.
Even embroidered areas will change the flexibility of a textile. Our solution is to already produce the
functional textile with the properties needed and not intervene with their characteristics later on.

2 KARL MAYER'’s String bar technology and its original use

For this approach KARL MAYER uses their string bar technology. It is applied in a raschel machine that
can do open, closed, elastic and rigid ground structures. It can also be combined with the Jacquard
technology that permits designing the ground structure in terms of optical and also functional matters,
meaning that you will be able to construct zones of different elasticity or air permeability.

In this ground structure you will be able to place your functional yarns. With our string bar system, you do
not use ground bars full of guide needles but single guide fingers that place yarns on defined spots in the
fabric. You are able to design lines but also form closed areas out of one or more functional yarns.

4
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N

Fig. 1 (a) Knitting area of a string bar machine; (b) schematic depiction of string bars; (c) CAD-drawing of yarn-
placement; (d) original fabric produced from the drafting
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The yarns are guided into the textile from a creel. You can place your bobbin there and use a variety of
different materials at the same time.

Fig. 2 (a) Example of a stringbar machine

This technology has originally been developed for the production of lace fabric and owes its great
flexibility to the different designs and materials that are a crucial part of these types of fabric. It has,
however, been applied to the technical field before.

Our composite machines are known for their production of strong, lightweight non-crimp fabric that can
be used as prepeg structures for automotive and aircraft industries [5]. Those fabrics often consist of
glass filaments and carbon fiber. Using carbon fiber in the complete fabric, however, can be very
expensive given the fact that supportive carbon structures might not be necessary in the complete fabric.

This has led to the combination of or composite machines and the stringbar system. This link of
technologies allows to form a base of adequate ground filaments and apply stronger, more expensive
material in the shapes and amounts that are necessary already during the production of the textile, while
keeping the cost at a reasonable level [6].

(a) (b)

Fig. 3 (a) Example of a composite machine; (b) example of positioned carbon fibers in a non-crimp fabric
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3 Applying string bar technology to electronic textiles

These advantages can also be applied to the area of electronic textiles. In our project TEXTILE-CIRCUIT
we have been modifying existing KARL MAYER machines to work with different functional materials for
the creation of smart textile applications.

Our successful prototypes contain a coil for inductive charging, a textile control panel and variations of a
smart shirt.

For our coil we have applied insulated conductors during the warp knitting process. These form the
necessary coil structure to generate an electromagnetic field. The coils are designed to match the ones
that are integrated in the new generations of smart phones and are therefore able to transmit energy to
them. They can also be applied for other charging systems.

Fig. 4 Fully textile inductive charging pad

For our control panel we have designed buttons that are formed by single conductive yarns. In this case
we decided on non-isolated yarns to permit interaction with the skin. Each button consists of two areas
that are isolated from each other but have been connected to one circuit. By touching those areas, the
skin closes the circuit and a signal can be sent. All buttons are connected to a control platform that
permits the transmission of different signals.

Fig. 5 Textile control panel

During our work on a smart shirt, we came up with different solutions. Our first approach was to include
flat textile electrodes by forming conductive areas with non-isolated threads. Those electrodes have to
have a good contact to the skin to be able to measure the heartrate of the wearer. We also decided to
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integrate a humidity sensor and a temperature sensor. For our humidity sensor we decided on a resistive
system. Two parallel conductors measure the electrical resistance between them and are therefore able
to detect an increase of moisture with the increase of conductivity between them. Our temperature
sensor is a textile thermocouple. We have integrated copper and constantan wires that detect the
temperature at their meeting point inside the fabric. All data is transported into an electric box via knitted
conductors. It is collected there and can be sent to any device via Bluetooth.

b ;
(b) EEENITTED E-TEXTILES 1

dctive yarns integrated in the textile-circuit

Fig. 6 (a) First smart shirt with detection of heartrate, temperature and humidity; (b) live demonstration with
displayed vital signs

In our second approach we saw the need to improve the heartrate sensor. As the flat electrodes had to
stay on the exact same spot for a good signal, our first shirt had to be designed very tight. To increase
the comfort of the wearer we improved our electrode structure. The electrodes still have to stay at the
same place for the measurement and need constant skin contact, but by forming raised electrodes we
were able to decrease the pressure on the body during the measurement. Another benefit is that the
electrodes are only visible at one side of the fabric, which makes it an ordinary shirt from the outside.

Fig. 7 Improved smart shirt with new sensing system

4 Materials and challenges

During our trials for different applications, we had the opportunity to work with many different materials
that are already available in the market. Although not every yarn can be currently used with our
technology, we were able to find a good spectrum to cover different functionalities.

The products necessary can basically been divided into two groups, non-insulated and insulated
materials. For the first group there are in principle two limitations that concern surface and strength of the
yarns. Regarding surface it is important to have a highly even product, which eliminates almost all staple
fiber products. Those will be mostly destroyed due to friction during the knitting process. In terms of
strength, it is very important that the materials can endure bending and traction at the same time. This is
especially a difficult task for metal filaments like copper. This essentially leaves us with the group of
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metal coated filament yarns. Those surfaces are still being improved [7]. Yet we were already able to
achieve very good results with the current materials and successfully performed basic finishing and
washing processes.

The second group are the insulated materials. In this case the material itself is protected by a coating,
which mostly eliminates problems with friction. The coating itself often raises other difficulties. Major
problems are the increased diameter and decreased flexibility of the material. During the production
process all materials have to be guided in small guide fingers and also move in the gap between the
knitting needles. The finer a fabric has to be, e.g. for applications in clothing, the smaller those gaps get.
Materials with high diameters cannot be used in such cases. They will also be a source of irritation in the
fabric later. Low flexibility of the material will even increase the problems during the knitting process. The
yarn might be thin enough, but if it cannot be bend in small angles, it will not stay in the right needle gap
and might be destroyed during the knitting process or destroy the knitting elements itself.

Fig. 8 Insulated yarn in the knitting area bending the needles

The challenge is to find the right combination of machine gauge and yarn count to match the product that
has to be achieved and the function it will have.

5 Conclusions

Our string bar technology is a great opportunity of fast production of electronic textiles that also
increases the experience of the wearer of smart garments. To bring this potential into an applicable
technology for industrial productions, there are still some steps of modification on warp knitting machines
needed.

Our goal is to support the development of electronic textiles and prepare the technology to enter
production as soon as the demand for new products is growing.
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1 Introduction

The properties of textiles determine the creation of clothing patterns, but also decorative and technical
products. Textile properties have an impact on the possibilities of shaping and matching a more or less
complicated garment design and estimating the value of construction and technological additions.
Estimating the value of additions and the shape of the cutting line is always subject to the subjective
assessment of the designer/technologist [1].

The aim of the work cycle and research is to determine objectively quantitative relationships in the field
of the impact of parameters and properties of textiles on the clothing patterns. In the first stage of
research work, the influence of parameters and properties of knitted fabrics on the structure as well as
the product’s drapability and fitting were determined [2-4]. Particular attention was paid to the raw
material, internal mesh geometry, and structural parameters, which have a decisive influence on the
elongation properties and the pressure on the body. It has been shown that individual parameters,
properties of a flat textile product, and especially the weakest parameter determine the product's
drapability, fitting, and durability.

In the case of fabrics [5,6], important parameters are weight, thickness, stretching, elongation, bending
stiffness, shrinkage, draping, and structural parameters of the weave and raw material. Also important
are internal thread friction, deformation angles that affect stability, and the ability to shape the spatial
form on the body of the human body in real life or during 3D visualization. Parameters contained in KES
and FAST systems can be equally useful when forecasting the shape of clothing construction forms [7].

Individual structural parameters of textiles have a huge impact on the deformation and shaping of a
given form in 3D space [8]. The shape of forms is also important in building spatial forms [9, 10].

In the case of a cutting line, e.g. a circle made in a two-dimensional area, it seems that there should be
no problem with its implementation. Unfortunately, in the clothing, furniture, and automotive industries
there are difficulties in combining the same and different textile and non-textile materials (leather). There
is no objective method of checking and predicting the precision of obtaining the oval shape of the cutting
line, e.g. in the shape of a circle, as well as confectioning accessories for different types of textiles with
different properties. In this work, the shape of the structural cutting line of a circle in a two-dimensional
area was analyzed, taking into account selected properties of textiles (surface mass, elongation, and
bending stiffness). The various properties of textiles will, to a greater or lesser extent, make the shape of
the circle evaluated.

This work presents the influence of fabric parameters and properties on the precision of a shape in the
process of confectioning oval lines, e.g. a circle shape in a 2D plane. The purpose of these tests is to
determine the ability to maintain a given oval shape of the cutting line at the given values of additives for
various properties of textiles.

2 Methods

Five samples of plain weave fabric (Fig. 1) differentiated by parameters and properties were used in the
experiment. These are fabrics for various purposes, from viscose lining 1_P, to viscose fabric for blouses
2_P, to clothing fabrics 3_P - 5_P with a higher surface mass and more stable than lining and blouse
fabrics. This diversity in terms of one weave will show differences in the behavior of the shape of the
circle sewn in from the same fabric.

Fig. 1 Fabric samples for the experiment.

81



Fabrics are differentiated by the following parameters: raw material, surface mass, weft, and warp density. Their
properties of bending stiffness by the loop method and relative elongation under normal conditions at 20 °C,
humidity 65% [11] were also examined (Table 1).

The bending stiffness of the loop method determines the falling value of the strip of fabric tied into a loop. So, if the
belt falls more, it has a higher value in mm, that is, the fabric has less rigidity.

Table 1. Fabric parameters and properties

parameters properties
type type

raw of of Mp D_wp D_wf C E
fabrics | material weave material (g/m?) (threads/dm) (threads/dm)|(mm) (%)
1P viscose plain  lining 78 800 450 1540 19.50
2P viscose plain  blouse 116 450 300 1590 23.00
3_P PET+ plain  clothing 222 350 250 18.10  20.00

C+E
4 P PET +E plain clothing 196 500 350 18.10 19.50
5P PET+C plain clothing 176 410 250 16.50 10.50

D_wp (threads/dm) warp density

D_wf (threads/dm) weft density

Mp (g/m?) surface mass

C (mm) bending stiffness by the loop method
E (%) relative elongation

In the first stage, a circle template was prepared with the location of the sewing and cutting line. Sewing
allowance values for a 90 mm diameter circle are 5 mm (Fig. 2).

d=100mm, cutting line d=90mm, stitching line d=90mm, stitching line
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Fig. 2 Pattern of the cutting and stitching lines.

Stitching tests were carried out by the designated sewing lines (Fig. 3a) and with the incorrect setting of
the sewing lines (Fig. 3b). The example below shows how the accuracy and the effect of sewing the
circle deteriorates. Inaccurate stitching in the sewing line already causes a large distortion of shape and
fit. Wrinkles and stretches are visible (Fig. 3). The difference of 3 mm in the position of the stitching line
(Fig. 2) means that part of the circle template has a diameter d = 87 mm, L = 524.38 mm, while part of
the plane template has a diameter d = 93 mm, L = 584.04 mm. This is a 59.66 mm difference in
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matching the circuits. That is why it is so important to accurately identify the stitching lines in this type of
shape on a 2D surface.

’ 100 [mm]

100 [mm]
b

— e

Fig. 3 Samples with changing of cutting and stitching lines.

3 Test/Data

For five samples of plain weave, a circle stitching line was made according to the template (Fig. 2). Then
the photos of the samples taken were taken with a Nikon Z6 camera with a 24-70 mm lens of 4528 x
3016 in the form of .NEF. The contour of the stitching line was determined on each image of the
performed experimental test (Fig. 4).

l 100 lmm]

Fig. 4 Fabric samples with stitching lines.

The raw camera images were prepared for processing in the form of a bitmap with a size of 1024 x 1024
pixels. The area marked with the stitching contour line was subjected to computer image analysis in the
author’'s MagFABRIC program (Fig. 5).

I 100 [mmll } 100 [mm]l I 100 [mm I |—100m1| Iﬂ
Fig. 5 Image analysis of the stitching lines in the MagFABRIC.

The shape of the stitching line in the experimental tests differs from the ideal shape of the circle. The
differences in circumference and shape for all experimental trials are shown in (Fig. 6a). To quantify
these differences, a morphometric stitching line analysis was performed in computer image analysis. All
experimental trials were described with size and shape parameters. These parameters include circle
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surface area A (mm?), minimum and maximum circle diameters Dmin, Dmax (mm), circle circumference
L (mm) and circle shape parameters dForm (%) (1), AspectR (2) and FormF (3) (Fig. 6b).

Bt

shape
factors:

dForm

AspectR
FormF

| 100 [mm]
: —la) (b)

Fig. 6 Morphometrical analysis of the stitching lines: (a) The stitching lines in the fabrics samples, (b) the
morphometric parameters of the stitching line.

The circle shape parameters describe three different shape factors that determine the following variation
in the shape of the circle field:

e dForm (%) — degree of circle shape deformation:
Dmax—Dmin

dForm = ——— x 100; (1)
Dmax
o AspectR — degree of ellipticity:
D
AspecR = X, 2)
Max

where: Dmin, Dmax (mm) — min. and max. field diameters

o FormF - edge development:

4ITA,
= (3)

FormF =

where: A (mm?) — surface area, L (mm) — field circumference — contour.

4 Results

The values of the parameters of the morphometric analysis of the size and shape of the circles from the
experimental fabric samples are summarized in the following table (Table 2). The experimental tests
were combined with a standard sample — the ideal 0_S circle.

From Table 2 and Fig. 7, the thesis is confirmed that the differentiation in the shape of a circle of
stitching lines in research samples depends on the parameters and properties of textiles. The 3_P fabric
obtained the highest precision of the circle shape mapping by the lowest value of the deformation
coefficient dForm = 4.28% and the closest value to 1.00 in the case of the ellipticity coefficient AspectR =
0.96, which indicates a similar shape to the circle. The smallest precision, i.e. the ability to keep the
given shape of the circle, was obtained by the 2_P viscose fabric with the highest deformation coefficient
dForm = 9.35% and the least close to 1.00 in the case of the elliptic coefficient AspectR = 0.91, which
indicates the least similar shape to the circle. The coefficient of the degree of edge development for the
2_P fabric showed the highest value of FormF = 1.05 among all research tests.
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Table 2. Results of image analysis of the stitching line of fabric samples.

A L Dmax Dmin dForm AspecR FormF
Fabrics (mm?) (mm) (mm) (mm) (%)
0S 6358.50 282.60 90.44 89.38 0.00 1.00 1.00
1P 6251.30 277.67 91.30 86.96 4.75 0.95 1.02
2P 5560.19 258.42 88.69 80.40 9.35 0.91 1.05
3_P 6245.61 277.54 91.06 87.16 4.28 0.96 1.02
4 P 6026.71 272.98 89.38 84.72 5.21 0.95 1.02
5P 6165.67 275.69 91.83 86.24 6.09 0.94 1.02
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Fig. 7 Results of the stitching lines image analysis: (a) area A (mm?) and contour L (mm), (b) minimum and

(c)

maximum diameters Dmin, Dmax (mm), (c) shape factors: AspecR and FormF, dForm (%).
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Taking into account the parameters and properties of fabrics, the 3_P fabric with three component raw
material composition and the highest surface mass as well as the lowest stiffness and high relative
elongation obtained the highest precision in mapping the shape of the circle. However, the smallest
precision, i.e. the ability to maintain the given shape of the circle, was obtained by 2_P viscose fabric
with a low surface mass, high stiffness, and the highest relative elongation.

A regression analysis of variable dependent shape coefficients with parameters and properties of fabrics
was also carried out. Correlation analysis showed a significant dependence of shape on surface mass
and warp density (Fig. 8). The strongest correlation was obtained by FormF — the degree of development
of the edges (Fig. 8a). The determination coefficients R, R2, and R"2, in this case, are 0.998, which
means that 99% of the overall variability of the FormF dependent variable is explained by the model. The
standard error of estimation equal to 0.00129 allows for estimating the size of random deviations of the
model at a low level. BETA coefficients illustrate the largest dependence of independent variables Mp
and Mp?, regardless of the unit, at levels -8.20 and 8.09, respectively. However, the t-Student p level
does not exceed 0.05, therefore the variables Mp and Mp? are significant. Only the Dwp variable has p =
0.06, which means an insignificant relationship. The regression model is as follows (4):

FormF= 1.19 — 0.002-Mp + 0.00001-Mp? — 0.00008-Dwp (4)

where: Mp — surface mass (g/m?), Dwp — warp density (threads/dm)

Even greater significant correlation of surface mass and warp density was obtained by the morphometric
parameter of the circumference of the circle L (mm) (Fig. 8b). The determination coefficients R, R2, and
RA2, in this case, are 0.999, which means that 99% of the total variability of the dependent variable L
(mm) is explained by the model. The standard error of estimation of 0.20379 allows for estimating the
size of random deviations of the model at a low level. BETA coefficients illustrate the largest dependence
of independent variables Mp, Mp?, (regardless of the unit), at levels 6.29 and -6.58 and Dwp at 0.66,
respectively. However, the t-Student p level does not exceed 0.05, therefore the variables Mp, Mp?, Dwp
are significant. The regression model is as follows (5):

L= 204.28 + 0.86-Mp — 0.003-Mp? + 0.03-Dwp (5)

where: Mp — surface mass (g/m?), Dwp — warp density (threads/dm)

Dalej... |R- 99883783 R2= ,99767702 Popraw. R*2= 99070807
F{3,1)=143,16 p<,06134 Blad std. estymacji: ,00129
Btad st. Btad st.
H=5 BETA B B t{1) poziom p
[ w. woiny [N 1,188879  ,012587 94,4550 006740
MP__ G M | -8,20764 ,542407 -,001867  ,000123 -15,1319 042010
MP2 8,08781  ,492081  ,000006  ,000000 16,4359 038686
DWE_ TR | -,98988  ,100121 -,000076 ,000008 -9,8868  ,064173 a)
Dalej.. |R=_ 99992037 R2= 99984074 Popraw. R°2= 99936295
F(3,1)=2092,6 p<,01607 Btad std. estymacji: ,20379
Btad st. Biad st.
H=5 BETA B B t{l) poziom p
| v. woiny | 204,2754  1,983422 102,9914 006181
MP 6,29919 142024 ,8625  ,019445 44,3531  ,014351
MP2 -6,58226 128846 -,0030  ,000059  -51,0861  ,012460
D_WP (65934 026216 (0303 | 001207 | 25,1505 | 025299 |y

Fig. 8 Results the best regression analysis (in Statistica) between fabric parameters and:
(a) shape FormF stitching line; (b) size contour L (mm) stitching line.

5 Conclusions
It turns out that the different properties of textiles cause, to a greater or lesser degree, the precision of
the given circle shape. The fabric with the three-component raw material composition and the highest
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surface mass as well as the smallest stiffness and high stretchability obtained the highest precision of
the circle shape mapping. The smallest precision, i.e. the ability to maintain the given shape of the circle,
was obtained by the viscose fabric with a low surface mass, high stiffness, and the highest relative
elongation. Correlation analysis showed a significant relationship between shape and surface mass and
warp density. The experiment is a preliminary study in the consideration of only one group of plain
weave fabrics. It confirms the thesis of the relationship between the shapes obtained, e.g. a circle in a
2D plane, and fabric parameters. This allows you to predict the behavior of fabrics with a specific surface
mass in this type of shape. A broader treatment of the issue in the aspect of including a larger group of
different fabric weaves will allow us to determine the possibilities in a wider scope. The second aspect
extending the scope of research are sewing parameters (sewing speed, type of transport, lubrication,
presser foot pressure, thread tension, sewing step) and the type of sewing needle (number, tip) and
thread structure (staple fibers, type of core) and sewing thread properties (composition, linear density,
twist, twist unevenness), which can have a significant effect on the precision of the shape when cutting
and sewing in the two-dimensional area.
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