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Abstract

The paper presents the Sylvie 3D Drape Tester developed for fabric drape measurements and
its special auxiliary device that exerts dynamical impact on fabrics during draping. Also, a
new draping characteristic, namely the Drape Unevenness Factor, was defined to describe the
evenness of the shape of draped textile material numerically. Three special cotton fabrics
woven exclusively for this work differing only in twist direction of their weft yarns were used
for analysis and effect of twist directions in a woven fabric and influence of the applied
dynamical impact on drape test results were analyzed. Based on the test results, the paper also
analyses the process of drape formation offering proposals for modification of fabric behavior

models to contribute for better fabric simulations.
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INTRODUCTION

Draping — i.e. the 3D deformation of textiles that occurs due to gravity — is a very important
characteristic to describe the behavior of textiles. The fabric drapeability directly influences
on its behavior in an article of clothing made from it. The research indicates that garment
appearance quality is strongly affected by drapeability [1, 2]. The measured fabric properties

can be used also for a more exact simulation of the 3D geometry of the fabric.

The most frequently applied measuring device for the determination of draping properties is
the Cusick Drape Meter [3]. The equipment projects the contours of the circular draping
textile sample placed on the circular sample holder with a parallel light bundle, and the
analysis of the shadow image makes it possible to determine the drape coefficient (DC) and
number of waves (n). Later, automatic evaluation software based on the photography of the
shadow image was prepared as a supplement to this device [4]. The software analyzes the
perimeter of the shadow image using Fast Fourier Transformation (FFT). The software
determines the variance of the amplitude (the distance between the shadow image contour
points and the center of the sample holder) as statistical data and a so-called fitness factor (the
ratio of the area below two curves, namely the amplitude graphed as a function of the central

angle and the dominant component obtained with FFT) besides the usual characteristics.

As the draping measurement method was improved, some researchers supplemented their
devices with a sample holder that rotates the sample at adjustable angular speed and is
necessary for the measurement of the draping coefficient. With this new method drapability

could be examined under conditions more similar to the real using condition [5-8].

In addition to dynamic drape coefficient, researchers developed some other factors to describe
draping as Circularity Factor is an example for these. The circularity factor, which is similar
to the drape coefficient, is defined as the ratio of the perimeter and the area of the draping

sample describing the extent of fabric draping [9].

A wide range of structural and mechanical properties of fabrics influence draping as well as
the external conditions and impacts. The most extensively used system for the determination
of the mechanical properties of fabrics is the Kawabata Evaluation System (KES) [10].
Several researchers have been dealt with the determination of the relation between the
parameters measured with KES system and drapability as well as application of the obtained

relations for modeling of fabric draping. These works reveal that KES parameters influencing



draping behavior to the greatest extent are mainly the bending and shearing properties

[11,12].

The behavior of textile materials is a very complex mechanism as the interactions of the
individual fibers or yarns result in special properties. Therefore, their mechanical modeling

and realistic simulation are both quite complex tasks.

Griff and Kuzmina [13] deal with the mathematical methods of material behavior simulation.
According to their literature review, several attempts have been made in the field of textile
modeling since the mid ‘80s as the elements of continuum mechanics and finite element

method were applied in these models and textile material was modeled as a mechanism.

No solution that handles all aspects of the above mentioned complex problem has been found
yet. Textiles deform to a great extent and in several different qualities already due to small
forces, and this is the main difference compared to other materials that makes their modeling
so difficult. Basically, models used in textile modeling can be classified into two groups:

Finite element based models and particle system based models.

JevSnik and GerSak present the use of finite elements method for modeling a fused panel
drape. Their results show significant promise for further development of research regarding

computer simulation of the behavior of fabrics [14].

The solution worked out by Graff and Kuzmina [13] is a typical example of modeling based
on particle system. A method based on the Second Newtonian Law was applied in which the
fabric was modeled with a network of mass points. The material model consists of mass
points, flexural, shearing and tensile structural connecting elements. All connecting elements
are composed of a spring and damper arranged parallel, where the springs are linear while the
dampers are proportional with speed. However, simulation based on this model is always
symmetrical and evenly draped. These problems are common in case of all simulation
programs. Another problem is that about the results of not providing any explanation or
information on larger deviations making very difficult for efficient applications in 3D

simulation of textile products.

Therefore, one of the aims of our research is to find out the reasons for having different stable
draped shapes and different draping properties varying at a relatively large scale deformation.
Our research results also enable us to draw conclusions that help in the improvement of

material simulation programs. Furthermore, these programs will be able to characterize the
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fitting of reinforcing fabrics — applied also in composites — onto complex spatial shapes

[15, 16].

On the other hand, this paper presents a drape tester with a special auxiliary device that exerts
dynamical impact on fabrics so that dynamically influenced draping could be measured. Also,
a new draping characteristic, named as Drape Unevenness Factor, is defined to express the
evenness of the draped textile material objectively. For this aim, three special cotton fabrics
were woven exclusively differing only in twist direction of their weft yarns. The effect of
twist directions in fabric drape and influence of the applied dynamical impact on drape test
results were analyzed offering proposals for the modification of fabric model so that it could

contribute to improvement of fabric simulation programs further for a better outcome.
EXPERIMENTAL DETAILS

Material

Three special fabrics used in the experiments were woven in Hungary by Csarda-Tex Ltd.
The twist direction of yarns used for these three fabrics, which have the same structural
properties and made of 100% cotton, was chosen as different so that the effect of twist on
drape behavior could be studied. They were plain woven fabrics as the warp and weft
densities as well as the linear density of the warp and weft yarns were the same, hence their

area density was also the same (Table 1).

Table 1: Particulars of three special fabric samples

. Yarn density . . . .
Denote Material Type DenS|2ty Type of Yarn count [1/10mm] Twist direction
[g/m”] weave
warp weft warp weft warp weft warp weft
P cotton OE-rotor OE-rotor 156 plain 30 Tex 30 Tex 26 22 VA 4
K cotton OE-rotor OE-rotor 156 plain 30 Tex 30 Tex 26 22 VA S

F cotton OE-rotor OE-rotor 156 plain 30 Tex 30 Tex 26 22 VA Z+S

The microscopic images of the samples (Figure 1) illustrate the different twist directions of
the three fabrics. The warp yarns in all the three fabrics have Z-twist direction, the differences

lie only in the twist direction of weft yarns as shown in Table 1.

Altogether 9 samples of 300 mm diameter, i.e.3 pieces per fabric type were prepared for the

tests.



Figure 1: Z and S twist directions of the examined samples

Equipment

The fabrics were tested for their shear and bending properties by using Kawabata Evaluation

System (KES) at University of Maribor.

The drapability of experimental samples was measured by the Sylvie 3D Drape tester

developed at the Budapest University of Technology and Economics (Figure 2).

Camera

Sample Laser e on fabric

Figure 2: Sylvie 3D Drape Tester



This is a new, computer controlled 3D scanning based equipment. The software reconstructs
virtually the measured surface from the measured data, and using that it calculates the
ordinary parameters. The equipment can be supplement by rings of different diameters such

as 210mm, 240mm and 270 mm, respectively to influence dynamically the evolving nodes.
Measuring Procedure

The table of the Sylvie 3D Drape Tester (Figure 2) at the initial state is in level with the base
plate. The diameter of the table is 180 mm. The diameter of the fabric sample is 300 mm [17].

During the tests, the centre of the sample has to be set exactly on the centre of the table, and
warp and weft directions have to be parallel with the specified directions. A computer
controlled motor lifts the table, assuring that drapability is always studied at the same speed
and under the same dynamic effects. During the measurements, four laser emitters project
laser lines on the fabric sample in order to determine the cross-section and four cameras
record the lines over the laser emitters (Figure 2). The cameras and the laser emitters are
mounted on a measuring frame. The frame moves with a determined step distance during
scanning the surface of the fabric sample. The computer controlled instrument is constructed
in a black box in order to provide darkness during the measurement. After all photographs are

taken, the computer downloads those [18].

On the other hand, the software of the device determines the desired draping properties
automatically. The draping coefficient is calculated based on the generally accepted definition
according to formula (1):
A, — 7R}
DC:m-IOO [%] (1)

2

2 1
where A4, 1s the area of the planar projection of the draping textile, R; is the radius of the
sample holding table and R, is the radius of the laid fabric (Figure 3).
Then a new parameter, Drape Unevenness Factor, was created for the description of the

geometric asymmetry and unevenness of drapes of the fabric sample (Figure 4).



Figure 3: Projection of the plane and Figure 4: Wave length of the draped

the draped fabric sample fabric sample

The new factor is denoted by DU that is physically the relative deviation of the wavelength

of waves formed at the perimeter of the planar projection of the draping fabric (Equation 2).

S (WL, - WL)?

i=1

DU = %1 @)

where WL, is the central angle between two adjacent maximum amplitudes (i.e. the wave

length of single waves), WL is the average central angle on one wave (i.e. average wave

length, WL= 360/n) and n is the number of waves.

The above relation indicates that smaller the value of DU is the more even drape of the
examined fabric. Besides factors of DC and DU, the number of waves, the minimum and

maximum amplitude and the deviation of amplitudes are also calculated by the software.
Dynamically influenced drapability

The Sylvie 3D Drape Tester was supplemented with exchangeable circular rings that had
different inner diameters. The circular ring is placed in the equipment in a way that it pushes

the sample through the opening of the ring when the sample holder rises (Figure 5) [19, 20].

The so-called “dynamically influenced draping coefficient” is measured using the rings. The
reproducibility of this measurement is outstanding due to the constant speed of rising and
same ring parameters. The inner diameters of the applied rings are 210, 240 and 270 mm,
respectively (Figure 6), while the diameter of the sample holding table is 180 mm. In order to
handle the results of measurements with and without rings uniformly, the static case — i.e.
without ring — is considered as if a 300 mm diameter ring was applied. This consideration can

be verified easily as a ring with 300 mm diameter would not influence draping, since it would



not even contact the fabric sample which has 300 mm diameter itself before draping, i.e. it is

absolutely irrelevant whether there is a ring or not in reality.

The measurement with rings of having different diameters simulates the impacts — that arise

during the use of fabrics — at different intensity levels.

Figure 5: Ring influenced drape measurement
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Figure 6: Rings with different inner diameters

RESULTS AND DISCUSSION

Effect of twist direction on drapeability

The twist direction of the warp and weft yarns in the fabric play an important role in the

formation of draping, since it determines the circumstances of the contact of elementary fibers



in the yarns. The results of present extensive experiments reinforce the conclusions of our

previously presented test series [21].

The elementary fibers of the two yarns are almost parallel in case of material P (Z-Z twist
direction) where two warp and weft yarns cross each other. In case of material K (Z-S twist
direction) these elementary fibers lie on each other almost perpendicularly at the crossing

point because of the opposite twist direction of the warp and weft yarns.

The crossing of elementary fibers is illustrated in Figure 7 a) and b) simply.

Figure 7: Simple representation of elementary fibers at fabric cross-over points which are

parallel or perpendicular direction; a) Z-Z twist yarns; b) Z-S twist yarns

It is clearly shown in this figure that the almost parallel elementary fibers (Z-Z twist direction,
figure a) can penetrate among each other — due to the force that compresses the yarn — when
crossing, while in case of an almost perpendicular contact (Z-S twist direction, figure b) this
is not possible. This phenomenon is also proven by the thicknesses of the fabrics. The
thickness of material K is 0.79 mm, while fabric P (Z-Z twist direction) has a thickness of
0.66 mm opposed to the fact that their other structural properties are the same. Hence, the

difference can only lie in the different twist directions of weft yarns.

In case of Z-Z twist direction, the almost parallel crossing of elementary fibers result in a
larger contact surface, hence larger friction force, while the almost parallel parts of the yarns
interconnect in the same way as the teeth of a gear, i.e. connection through shapes. These
phenomena together decrease the rotation and slipping of warp and weft yarns and inhibit the

formation of shearing and flexural deformation.

Oppositely, in case of Z-S twist direction, the elementary fibers cross almost perpendicularly,
hence the contact surface is much smaller, the almost perpendicular ‘fibers’ of the yarns
cannot connect into each other. Therefore, the warp and weft yarns can rotate and slide from

each other more easily than in case of Z-Z twist direction.
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These phenomena together explain that fabric sample P (Z-Z twist direction) is definitely
stiffer, has larger drape coefficient and its number of waves is also higher although only to a
small extent. Furthermore, it has higher flexural and shearing modulus and hysteresis (Z-S

twist direction) than fabric sample K (Z-S twist direction) (Figures 8, 10 and 11).

The trends of drape unevenness (DU) (Figure 9) show an opposite direction than in case of
DC values. The value of DU is much higher in case of fabric sample K (Z-S twist direction)
than in case of fabric sample P (Z-Z twist direction), meaning that the draped shape of fabric
P is smoother. Hence, we can conclude here that the twist direction of yarns influences the

evenness of draping to a great extent.
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Figure 8: Drape coefficient (DC) measured at different ring diameters as a function of the
fabric sample
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Figure 9: Drape unevenness (DU) measured at different ring diameters as a function of
fabric sample
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Figure 101: Bending behaviors of fabric samples as a function of fabric type,

B - bending rigidity; 2BH - bending hysteresis
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Figure 11: Shear behaviors of fabric samples as a function of fabric type,

G - shear rigidity; 2HG - shear hysteresis at £0.5°; 2HG5 - shear hysteresis at +5°
The properties of the third fabric sample denoted by F (Z-Z/S) are between the values of the

fabrics of K and P. This is logical since the structure of this fabric is almost exactly in the

middle between the other two fabric samples. This also proves the conclusions drawn above.
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Applied dynamic impact on drape measurements

During the tests, the drape measurement of every single sample was carried out 10 times per
one ring size on both front and back face of fabrics according to DIN 54306 standard, keeping
always identical — 12 minutes — relaxation time interval between the measurements. In
evaluation of results, the average and deviation of drape coefficient (DC), drape unevenness
(DU) and the number of waves (n) were determined and significance of difference between

DC values was analyzed using bi-lateral student’s t-test and F-test at 0.05 significance level.

The dynamic impact on drape test results was analyzed as a function of differing ring
diameters, i.e. 210mm, 240mm, 270mm and 300mm, respectively. The effect of ring diameter
on the drape coefficient is significant (Figure 12), while the number of waves is only slightly
affected. If the ring size decreases, hence the dynamic influencing effect is larger, the value
and deviation of drape coefficient (DC) decrease, the number of waves slightly increases (n)

and drape unevenness (DU) decreases (Figure 13).
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Figure 12: Drape coefficient as a function of the ring diameter
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Figure 13: Drape unevenness as a function of ring diameter

Figure 14 shows the results obtained from the measurements with the different rings. The
main tendencies of the measurements are well visible, i.e. in case of using rings the average
radius of the drape image contour, i.e. DC decreases, and the draped shape becomes more

cven.

D210 D240 D270 D300
Figure 142: 3D shapes of fabric sample P influenced with 210, 240, 270 and 300 mm inner

diameter rings

On the other hand, Student’s t-test was applied for samples P and F, since the difference of
the mean values is not obvious due to the overlapping deviation fields (Figure 8). According
to the results, the DC of these two fabric types are significantly different in case of 300 mm,
270 mm and 210 mm ring diameter at a confidence level of 95%. However, the drape
coefficient values measured with the 240 mm and 270 mm diameter rings are very close to

each other when we consider the deviations in Figure 8, hence Student’s t-test was also
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carried out in that case. The test proved that the difference of the mean values is significant at

a confidence level of 95%.

The test results also prove that dynamic effects on the fabric during drape formation influence
draping characteristics although the dynamic effect is not present yet at the time of data
recording. This is the reason why the deviation is definitely larger in case of manual testing,
compare to the results obtained using a motor driven sample holding table that provides

always identical and even lifting speed with no dynamic effects.

In case of measurements with rings, the drapes of the fabrics that passes through the ring
(Figure 5) are compressed, and after leaving the ring, they can get their shape back in an
elastic way, but that shape is not exactly the same as it was before reaching the ring, and
drape properties of the fabric can change. The fabric passes the ring quickly, hence this
phenomenon cannot happen due to stress-relaxation as residual deformation cannot be caused
this way. Since different results are experienced after dynamic effect ends as in the case
without dynamic effects, other factors should play a role in fabric behavior as well as the
actual and delayed elastic deformation. The change in the drape properties due to the effect of
the ring can be explained with sticking-sliding friction among the yarns of the fabric that
explains the hysteresis experienced in bending (Figure 10) and shearing (Figure 11) tests as
well. The fact that the draped shape will become more even due to the ring refers to the
presence of sticking-sliding friction as well because the ring has a balancing effect on
different extent deformations at the different locations of the fabric due to the non-identical
sticking-sliding friction forces. Hence, our results also prove that the deviation of sticking-
sliding friction force has a significant impact on the formation of the asymmetric draped

shape.

Analysis of drape formation process and a proposal for improvement of fabric
behavior modeling

The ultimate aim of our investigations is to use our results as a contribution to a material
simulation that estimates real case as much as possible. Proposals can be made for the
modification of the fabric mechanical model based on the behavior of the examined materials
at different ring diameters, KES measurements and the effect of twist direction on the drape

coefficient.
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Particle system based models take into consideration only viscous friction as an inner
damping effect besides the spring that models elastic behavior. However, our measurements
prove clearly that sticking and sliding Coulomb friction is also present as a kind of inner
resistance. Considering all the previously mentioned facts, the behavior of materials

experienced during the application of rings can be explained easily.

The modification proposal is presented through a simplified viscoelastic model of the draping
textile (Figure 15). The simplified model is a one-mass oscillating system of the force balance

which is described by Equation (3).
m-X+k-x+s-x+sign(x)-F, =F, (3)

where x: displacement vector, x: velocity vector, ¥: acceleration vector, m: mass, s: spring

stiffness, k: damping factor of the viscous damping element, F,: sticking and slipping friction

force, F,: inciter forces.

UES
g L
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-

Figure 15: Simplified viscoelastic model of fabric behavior

According to the model in Figure 15, the deflection of the draping fabric — represented by
mass “m” — is caused by gravity. The elastic and friction forces in the fabric that work against
the deflection caused by gravity — movement of mass “m” — are represented by the stick and
slip friction, viscous damping and the spring. The effect of the ring can be taken into

consideration with inciter force F,. The question is where the deflecting fabric — mass “m” —

stops, i.e. how much the drape coefficient will be.

Figure 16 demonstrates the process of drape formation with the section of the fabric placed on
the sample holding table. The fabric starts from position 1 at the beginning of the
measurement and deflects due to gravity. If the fabric is raised at a controlled speed, and its

deflection is retarded with an external force meanwhile (e.g. in case of the Sylvie Drape
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Tester the base plate from which the sample holding table lifts up the fabric at a constant
speed brakes the fabric during rising), the slowly forming drapes stop at the upper part of the
uncertainty zone. This is the way how the largest drape coefficient of the examined material
can be measured. If the fabric is dropped freely from position 1, the fabric enters the
uncertainty zone and stops somewhere within (position 2), or passes through it, carries out

dampening free oscillating movements, but finally stops within the uncertainty zone.

Fabricsample ... @ 100
Sample holder
NEOANG-.
~, Y, .
NN e
' =
N 8
a b

Figure 16: Process of drape formation

a) Section of the draping fabric; b) Change of the drape coefficient as a function of time

If a ring is applied in the measurements, the ring overcomes the resistance of the fabric and
hence forces the already formed drapes under the uncertainty zone into position 3 — the extent
of the force depends on the diameter of the ring. The fabric, which alternates back after, is not
affected by the ring anymore and reaches the uncertainty zone where it stops or passes
through it, carries out dampening free oscillating movements, but finally stops within the

uncertainty zone (position 4).

The size of the uncertainty zone and the position where the fabric stops depend on the
mechanical parameters of the fabric, i.e. the ratio of the specific weight, spring stiffness,
viscous damping factor and the stick-and-slip friction coefficient. If the stick friction
coefficient is high compared to the other values, the uncertainty zone is wide, and the fabric is
likely to stop without oscillation. If the stick friction coefficient is low compared to the other
values, the uncertainty zone is less wide, and it is possible that the fabric reaches its

equilibrium state after carrying out dampening free oscillating movements.

16



Hence our proposal for modification is to take into consideration of an element that models
the stick-and-slip friction in addition to the spring and viscous damper in particle system
based models. Such a modification might make the solution of this already complex system
even more complex, however the result of the simulation would be more realistic. On the
other hand, further work is needed here which would worth to investigate in detail supported

by more experimental data.
Effect of bending and shearing properties on drapeability

Apart from drape measurements, all three specific fabric samples were tested with the KES
system. Figures 10 and 11 summarize the results of bending and shearing tests that are the

most important ones considering draping behavior.

The results of bending and shearing tests are in line with the results of drape measurements as

fabrics with higher shearing and bending stiffness have also higher drape coefficients.

CONCLUSION

Draping properties provide important information for the 3D modeling of fabrics. The most
common properties are drape coefficient, DC and number of nodes, n. A new factor, drape

unevenness (DU) that helps us to get a better picture of draping was created in our work.

Also in this work, a new method and a new device were described for measurement of
draping properties, and with the help of this device the drape properties of the fabric are
determined after dynamic influence. The special device is a ring that can exert different
intensity dynamic forces on the fabric during drape formation depending on the actual size of
the ring. This method makes it possible to measure the drape properties in a more
reproducible way that approaches the real usage conditions better than in case of

measurements without a ring.

A large number of measurements were carried out on three identical fabrics that differed only
in the twist direction of its constituent yarns using Sylvie 3D Drape Tester. The main aims of
the measurements were to determine the relation between the drape properties and yarn twist

directions and to study the effect of rings.

The analysis of drape properties of fabrics, which composed of yarns with different twist
directions, proved that although fabrics in which warp and weft yarns have Z-Z twist direction

are thinner, they are mechanically more rigid, their drape coefficient values are higher and
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have more waves. If the warp and weft yarns of the fabric have Z-S twist direction
respectively, the fabric is thicker but mechanically less rigid while their drape coefficients are

lower and have less waves.

The analysis of the drape measurements, which was carried out at different dynamic impact,
revealed that the stronger dynamic effect, i.e. smaller ring inner diameter, leads to smaller
drape coefficient. Dynamic impact reduces the deviation of the drape coefficient as well, and
hence makes measurements more reproducible and exact. The method increases the number

of waves and makes the drape geometry more even.

Based on the test results obtained in this work, a simplified fabric behavior model was
developed as well. Our results were supported by introduction and behavior analysis of the
simplified model — one-mass oscillating system — of the fabric. But the analysis of the drape
formation process indicates that stick-and-slip Coulomb friction has to be considered as well
among the inner forces. With the help of such a modification in the model, we believe that the
behavior of the fabric at different ring diameters and the simulation program would provide
results closer to real material behavior. However, further work is needed here providing a

detailed analysis with more experimental data.

The test results showing the effect of the twist direction of the warp and weft yarns and the
dynamically influenced drape testing can contribute to the fabric behavior simulations so that

the theoretical models can be improved further for more realistic representations.
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Abstract: Bracing has proven to be an effective method for the conventional treatment of scoliosis
in young people. A brace, a therapeutic device, covers the upper body and promotes healing
by applying pressure to specific areas. However, wearing a scoliosis brace negatively affects the
user’s thermo-physiological well-being and often leads to discomfort. In this study, we investigated
the influence of T-shirts as an undergarment on the thermo-physiological well-being of the brace
wearer. For this purpose, we performed a comparative analysis of six T-shirts made from different
special knitted fabrics. We carried out wearing tests in a computer-controlled climate chamber
according to a predetermined protocol. The test subject wore the orthopedic brace over the different
T-shirts at three different temperatures. The results indicate that the knitted fabrics of undergarments
and environmental conditions considerably impact the wearer’s thermo-physiological comfort. In
the tests, the T-shirts made from the selected functional fabrics performed very well. The T-shirt
made from the classic cotton fabric containing elastane yarn also performed well and was the most
environmentally friendly. Currently, due to its lower price and easier availability, this cotton T-shirt
can be recommended for wearing under a scoliosis brace.

Keywords: scoliosis brace; clothing physiology; undergarment; knitted fabrics; textile material
testing; climate chamber

1. Introduction

The number of people with scoliosis is increasing year by year [1]. Scoliosis is regarded
as a three-dimensional structural deformity of the spine and trunk, which may worsen
during growth [1-3]. Scoliosis is most prominent in adolescence (10-16 years) and is more
common among girls. Improvement can be achieved with high corrective braces [4-7].
The brace applies external corrective forces to the special points of the trunk to halt the
progression of the abnormal spinal curvature, correct it during growth, or to avoid further
progression of an already established pathological curve in adulthood [8].

Various braces are available with different approaches and outcomes [4]. Biomechan-
ically, correction may vary according to brace type. Each brace is tolerated differently,
which may affect compliance [9,10]. The brace is manufactured according to the patient’s
measurements and disease type by an orthotist. When making a brace, the orthotist chooses
the pressure points of the brace for the healing effect so that when a patient wants to avoid
the discomfort they cause, they have to use their own muscle power to bring and hold their
body precisely in the correct position. If the patient wears the brace for a sufficient time,
usually several years, improvement and even complete recovery are possible [11-14].

The braces usually are made from a special thermoplastic polymer (high- and/or
low-density polyethylene, copolymer, or modified polyethylene) and fit around the upper
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body. They are worn over undergarments every day. Some are worn overnight; some are
worn 23 h a day [15-17].

Although braces for scoliosis today are more comfortable than ever before, they still
have a low compliance rate for various physical, physiological, and emotional reasons [18].
Patients who wear orthopedic braces are also faced with specific problems, such as heat,
sweat, heaviness, stiffness, and skin discomfort or problems. Therefore, this research
investigates the influence of underwear and activity dynamics on thermo-physiological
comfort when the orthopedic braces are worn in a warm environment, which corresponds
to high summer temperatures between 25 °C and 32 °C.

Several studies have been conducted on creating fashionable undergarments for brace
wearers [19-21]. Their functional characteristics can be achieved by designing the cutting
lines to avoid the pressure points of the brace and using unique patterns created with
body data of 3D optical scanning [22-24]. Still, the design alone is not enough to reduce
physiological inconvenience.

Much research has been conducted in the field of thermo-physiology addressing the
thermal comfort level of special devices and clothing [25-27], primarily thermal protective
clothing, most often firefighter clothing [28-30]. The thermo-physiological comfort of
firefighters, workers in some industries, soldiers, or racing car drivers and their safety is an
extremely important topic. The problems associated with clothing physiology of young
people forced to wear braces for spine treatment is similar, but we did not find any research
on this topic.

Much research is devoted to studying functional materials [31], especially those con-
taining microencapsulated phase-change materials (PCMs). Good results have been re-
ported with these materials in thermal protective clothing, even though the PCM capsules
have a cooling or heating effect of only approx. 15 min long [26,28-30,32,33]. In addition
to materials containing PCM capsules, functional textiles developed specifically for better
moisture wicking are also extensively researched, for example, artificial fibers that have a
specially shaped cross-section [29,34,35].

Our research aims to reduce the inconvenience of wearing a brace while retaining its
essential functions. We set out to improve patients’ physiological and mental well-being by
creating fashionable undergarments with functional textiles.

A brace, made from a polymeric material, is a thick, continuous, non-porous layer
around the upper body; wearing a brace hinders sweat evaporation and heat dissipation, so
the user may experience an unpleasant microclimate during physical exertion or when in a
warm environment. Therefore, major requirements for the undergarment are its moister
absorption attributes, air permeability, and temperature balancing capability.

The undergarment worn under a brace must fit one’s body to avoid it from wrinkling
or riding up. Wrinkling and riding up are uncomfortable even in normal circumstances,
but if they occur under a brace, they can cause pain or produce bruises under the pressure
points of the brace. Therefore, it is of primary importance to use elastic materials and
create a unique design to make the undergarment act as a ‘second skin” without wrinkling,
running, or bunching up under the brace. These inconveniences can be avoided with the
use of a highly elastic fabric that can ensure that the undergarment fits the body perfectly
and can change its shape to adapt to the body and its movements.

Our investigation focused on the selection of fabrics for undergarments. We studied
whether the comfort level of wearing undershirts under an orthopedic brace could be
affected by the kinds and properties of the fabric of the undergarment. Our aim was
to find a fabric with the best thermo-physiological comfort and, if possible, the most
environmentally friendly fabric for the undershirts worn under an orthopedic brace [36].

2. Materials

We based the experiments on a special construction of T-shirts as the first layer to be
worn under a scoliosis brace in a hot environment. The textiles of T-shirts are different
knitted fabrics. The most important criteria for selecting the textiles were appropriate
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thermo-physiological properties and highly elastic behavior. Based on these criteria, we
selected six textiles, one classic cotton knitted fabric containing elastane yarn (Cotton) and
five functional knitted fabrics. For functional knitted fabrics, we chose a high-performance
moisture-wicking fabric (MW-CO01) and four different types of fabrics containing PCM
microcapsules (OU-W02, OU-F03, OU-B04, and OU-C05). We bought the Cotton and
the OU-CO05 fabrics in a store, and the other four from the manufacturer for our research
purpose. We assumed that these fabrics would be suitable for wearing under a brace.
Table 1 shows the basic properties of these knitted fabrics.

Table 1. Basic properties of the knitted fabrics.

PCM
. . Course Wale PCM Melt Storage
Kn}d of Textile Structure of Thick- Mass Yarn Density Density Peak [°C] Capacity
Knitted o . ness 2 Count . . .
. Composition Fabrics [g/m*] [Piece/10  [Piece/10  (Nominal [J/gl
Fabric [mm] [Tex] 4
mm] mm] Data) (Nominal
Data)
97% cotton Single
Cotton 3% elastane weft-knitted 0.64 242 19.3 26 16 . )
100% PES with NNV
Mw-cor  Stverions,and _ Double 0.73 168 13.0 17 12 SN
special filament pique-knitted Special filament
cross-section cross-section
66% cotton
28% viscose with Single
OU-W02 PCM capsules weft-knitted 0.64 198 15.7 28 18 24-27 >2.5
6% elastane
95% cotton
5% elastane Singl
OU-F03 coating; silicon et 0.65 146 164 22 17 26-30 >6
with PCM
capsules
66% lyocell
28% viscose Sinel
OU-B04 with PCM mee 0.66 175 15.6 26 17 24-27 >2.5
weft-knitted
capsules
6% elastane
59% PES
39% viscose with Rib
OU-Co05 PCM capsules weft-knitted 0.68 192 224 20 16 no data no data

2% elastane

We examined the most important physical characteristics of the selected materials in
terms of comfort level: water absorption, speed of water-wicking, thickness loss due to
abrasion, air permeability, thermal conductivity, and deformability. Table 2 contains these
physical characteristics for each fabric, which we determined as the average of 5 tests in
each case. The data were measured specifically for the comparison of the tested materials.

Water absorption ability was measured according to the AATCC TM195-2012 [37] stan-
dard. During the test, the sample was immersed in water for 20 min and then sandwiched
between two sheets of blotting paper to remove excess moisture. We measured the dry and
wet weight of samples, and expressed water absorption as a percentage increase in mass
(Table 2).

Water-wicking speed was evaluated according to the AATCC TM 197-2013 [38] stan-
dard. Wicking refers to spreading water through a given area via capillary action in a
material. During the test, the samples were hung vertically, and 10 mm of them were
immersed in water. After immersion, the wet area—wicking height—was measured from
the water level every 5 min. The results of wicking speed are presented in Table 2.



Materials 2023, 16, 5925

4 of 14

Table 2. The physical characteristics of selected knitted fabrics.

Deformation Due to Tensile

Water- . Force/50 mm
Kind of Water Wicking Thickness Air Thermal
Knitted Absorption Speed Loss Perme-alzlhty Conductivity 05N 28N
Fabric my, [%] Vw h,y [%] Q [gl’i‘s] A [%] Walf: (;our_se
[mm/min] Direction Direction
e [%] € [%]
Cotton 186 3.6 7.8 14.8 0.0565 5.2 17.7
MW-C01 300 35 4.1 210.3 0.0508 24 11.6
OU-W02 233 3.8 6.3 28.9 0.0513 5.7 22.3
OU-F03 254 2.7 12.7 51.7 0.0515 8.6 26.4
OU-B04 218 1.3 8.9 99.6 0.0525 9.1 27.6
OU-C05 226 2.6 44 141.4 0.0516 3.3 27.5

The thickness loss of knitted fabrics due to abrasion was measured according to the
ASTM D4158 [39] standard using the TKI Abrasion Tester. Considering the purpose of use,
we chose abrasion with the brace material and the crossing direction movement, which is
the most demanding among the movement combinations. Recourse speed was 60 cycles
per minute for 30 min with a friction force of 10 N. The results of thickness loss are shown
in Table 2.

We measured air permeability according to the ISO 9237:1999 [40] standard using
the Metefem FF-12 7236-038 device at a pressure difference of 100 Pa. The results of air
permeability tests are presented in Table 2.

We performed the thermal conductivity tests using the KES-F7 Thermo Labo II device
for thermal properties (Table 2).

Fabric elasticity is an important parameter, which plays a key role, particularly in
the case of tight-fitting garments. Tight-fitting garments of elastic fabric are tailored to a
smaller size than the actual size of the wearer’s body. Size reduction is usually 5 percent in
body length and 15 percent in circumference, but experience has shown that this amount
may not be suitable for some fabrics. To specify these values for the selected fabrics, we
also performed tensile tests (with a Textenzer tensile tester device) using the Grab testing
method on partially gripped specimens according to the ISO 13934-2:2000 [41] standard.
Each specimen was 100 x 150 mm with a gauge length of 100 mm. Based on practical
experience, we determined the specific tensile force in both directions where the T-shirt
fits the body but is still comfortable for the wearer. These values are 0.5 N/50 mm in the
wale (in body length) direction and 2.8 N /50 mm in the course (in circumference) direction.
Specific elongation values measured at these specific tensile force values are shown in
Table 2.

The Chéneau brace we used is made of a 5 mm thick HDPE (Mass: 0.941 g/cm?)
polymer plate. The brace weighs 0.9 to 1.5 kg depending on size. The HDPE polymer plate
lacks vapor permeability or moisture-wicking characteristics and is essentially a thermal
insulation material. Figure 1 shows a Chéneau brace.

Figure 1. A Chéneau brace, front and back.
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3. Methods

These tests aimed to assess the thermo-physiological properties of the undergarment
made from selected knitted fabrics, when worn under a brace.

For this purpose, we created a T-shirt prototype pattern (Figure 2).

e = Ny
Wi, D

T

RN R

(b)

(d)

Figure 2. The T-shirt prototype. Front view (a), back view (b), front view on the mannequin (c), back

view on a girl with a decorated brace (d).

The special feature of the prototype is that its seam lines avoid the pressure points of
the brace, which improves the wearing comfort of the T-shirt.

We could not use brace wearers as test persons due to their young age. Therefore,
during the tests, one member of our research team assumed the role of the test person, and
she performed the tests in the climate chamber on herself. Salus Orthopaedics Technology
Ltd. agreed to make a personalized Chéneau brace for her [15]. Since brace is an expensive
orthopedic device, we were only able to use this one test subject. Based on the designed
T-shirt prototype, we made a T-shirt from each selected knitted fabric for the test person in
her size.

In this study, we carried out wearing tests during which the test person wore the brace
over the T-shirts we made. According to a predetermined protocol, we completed the
tests in a computer-controlled climate chamber, which provides artificially created ambient
conditions, that is, a constant temperature, relative humidity and air velocity. The climate
chamber contains a treadmill, a small table, a chair, an alarm and a video camera that
transmits the image of the test subject for continually observation (Figure 3).
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Figure 3. The climate chamber with the treadmill and the test person wearing the brace.

During the tests in the climate chamber, there were three different ambient tempera-
tures (25 °C, 28 °C, and 32 °C), a constant relative humidity of 50%, and an air velocity of
0.5 m/s. At each of the three ambient temperatures, we performed six tests, during which
the test subject wore one of the six T-shirts under the brace; therefore, we performed a total
of 18 tests.

In this study, we attempted to simulate the activity of a person who wears a brace. In
each activity, we gave sufficient time for the test person to adapt to the thermal environment.
The total duration of the test was determined based on the preliminary trials and the
mental/physical comfort of the brace wearer.

During testing, the test subject wore T-shirts made from the selected knitted fabrics
under her personalized Chéneau brace. Each test lasted 75 min based on the pre-determined
protocol, which included the following:

15 min of preparation and acclimatization without data collection;
20 min of rest (seated position);

20 min of walking at a speed of 2.5 km/h on the treadmill;

15 min of rest (seated position);

5 min of walking on the treadmill at a speed of 3.5 km/h.

We examined the thermo-physiological parameters using the MSR (Modular Signal
Recorder) measuring device from MSR Electronics GmbH, Seuzach, Switzerland. The
MSR device is a modular unit for measuring various physiological parameters, such as
skin temperature and humidity at the surface of the skin (microclimate humidity). We
measured skin temperature at seven different locations on the body and the humidity on
the skin surface at four different locations on the body according to EN ISO 9886: 2004 [42]
(Figure 4).
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Figure 4. The locations where the skin temperature and relative humidity were measured.

To estimate the sweat rate, the test subject weighed her own mass naked before and
after testing. The subject’s clothing was also weighed before and after testing. Based on the
subject’s weight loss and the clothing ensemble’s weight gain (through absorption of the
subject’s sweat during exercise), we determined the loss of the test person’s body fluid due
to sweating.

4. Results

The results show that the undergarment made from the selected knitted fabrics, and
environmental conditions considerably impact the wearer’s thermo-physiological comfort.

Skin temperature and relative humidity at the skin surface were also measured in the
measuring point on the chest. Figure 5 shows the results in this measuring point at three
ambient temperatures.

The analysis of skin temperature shows that with higher ambient temperature, skin
temperature increases. The results also show that the undergarment made from Cotton
knitted fabric provided similar results to the undergarments made from fabrics containing
phase-changing materials. At the beginning of the test, the undergarment with built-in
PCM microcapsules slows down the increase in temperature. However, after the PCM
melts, it shows no effect on body temperature. At the beginning, the humidity values show
some difference, but these minor differences become insignificant after a short time.
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Chest temperature in brace at 25 °C ambient temperature ‘ Chest humidity in brace at 25 °C ambient temperature
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Figure 5. Skin temperature and relative humidity at the skin surface of the test subject as a function

of time, at the chest measurement location, at three different ambient temperatures.

In the course of the test, we obtained well-evaluable results by measuring the weight
of the test person’s body and clothing.
Most heat is dissipated through the skin. The brace prevents this on a large part of

the upper body because it prevents the evaporation of sweat, which would cool the body.
Therefore, the undergarment must absorb the sweat released by the body which cannot
evaporate. We measured the decrease in the body weight of the test person during the
time spent in the climate chamber and the increase in weight of the T-shirt after soaking up
moisture.

Less moisture picked up by a T-shirt and a lower body weight loss of the test person
during a test means that the test person sweated less, so this T-shirt provides a higher
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level of comfort. The decrease in body weight is shown in Figure 6, and the weight gain of
T-shirts due to moisture absorption is shown in Figure 7.
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Figure 6. The effect of different T-shirt fabrics on body weight loss at different temperatures.
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Figure 7. The effect of different T-shirt fabrics on the amount of moisture absorbed at different
temperatures.

The measurement results show that the body weight decrease depends on the proper-
ties of the fabric of the T-shirt. Weight reduction was between 70 and 120 g at the ambient
temperature of 25 °C, between 105 and 140 g at 28 °C, and between 160 and 190 g at 32 °C,
depending on the fabric of the T-shirt worn. The body weight of the test person mostly
decreased the least at all ambient temperatures when she wore the Cotton T-shirt.

Figure 7 shows that the amount of moisture absorbed by the T-shirts depends also
on the properties of the knitted fabric. Moisture absorption varied between 1.5and 3.7 g
at the ambient temperature of 25 °C, between 2.0 and 7.5 g at 28 °C, and between 6.0 and
14.5 g at 32 °C, depending on the T-shirt worn. The T-shirt made from high-performance
moisture-wicking fabric (MW-CO1) had the lowest amount of absorbed moisture. The
T-shirt made from the OU-CO05 fabric at 32 °C and the T-shirt made from the OU-B04 fabric
at 25 °C and at 28 °C had the highest amount of absorbed moisture.

5. Subjective Assessment

We made T-shirts from the aforementioned selected knitted fabrics, which were worn
by 12 people. The test subjects in this examination were girls of age 16 to 18, all wearing
braces. The girls voluntarily and willingly agreed to wear the T-shirts for the test. The girls



Materials 2023, 16, 5925

10 of 14

wore the T-shirts under ordinary conditions in a special four-day long camp organized for
the brace wearers. According to the prototype pattern, we made four T-shirts from the
selected fabrics for the four days, for every girl specific to their size.

Since only 4 days were available for this wearing test, two fabrics had to be omitted
from the test. The T-shirt made from the MW-C01 material was very uncomfortable during
the climate chamber tests, so we did not make T-shirts from this material for the girls. The
other fabric we omitted was the OU-W02 material because its composition and behavior
are similar to those of the OU-B04 material. Therefore, we would presumably get similar
results during the wearing test, as in the case of the OU-B04 material.

The girls wore each T-shirt for one day, so the wearing conditions were the same. They
rated the T-shirts on the last day of the camp. The testers” feedback was positive; the girls
were happy that these T-shirts suited their special needs more than the ones available off
the shelf. Some of them have been wearing these T-shirts since then. The girls provided
feedback on their experience by filling out a questionnaire. In the questionnaire, we asked
the girls about the quality of the material: the feel of the material, the fit to the body, and
the comfort of wearing. Tables 3-5 contain their answers to the relevant questions of the
questionnaire.

Table 3. Ranking of the T-shirts according to the touch of the fabric. (1 is the best and 4 is the worst).

Kind of Knitted Fabric Order According to the Girls Sum Ranking
Cotton 1,1,2,2,2,2,2,3,3,3,3,3 27 2
OU-F03 1,1,2,2,2,33,3,3,3,3,3 29 3
OU-B04 1,1,1,1,1,1,1,1,2,2,2,2 16 1
OU-C05 4,4,4,4,4,4,4,4,4,4,4,4 48 4

y Xy Xy Xy Xy Ey Ey Ty Ty Ry

Table 4. Ranking of the T-shirts according to the comfort of wearing them. (1 is the best and 4 is the

worst).
Kind of Knitted Fabric Order According to the Girls Sum Ranking
Cotton 1,1,1,1,2,2,2,2,3,3,3,3 24 2
OU-F03 2,2,2,2,33,3,33,33,3 32 3
OU-B04 1,1,1,1,1,1,1,1,2,2,2,2 16 1
OU-C05 4,4,4,4,4,4,4,4,4,4/4,4 48 4

y Xy Xy Xy X Xy

Table 5. Ranking of the T-shirts according to fit. (1 is the best and 4 is the worst).

Kind of Knitted Fabric Order According to the Girls Sum Ranking
Cotton 1,1,1,1,1,1,1,2,2,2,3,3 19 1
OU-F03 2,2,2,2,2,2,2,3,3,3,3,3 29 3
OU-B04 1,1,1,1,1,2,2,3,3,3,3,3 24 2
OU-C05 4,4,4,4,4,4,4,4,4,4/4,4 48 4

y Xy Xy Xy X, Xy

The girls thought that in wearing comfort and touch of fabric, the OU-B04 material
was the best, and the OU-C05 material was the least good. The OU-B04 material is a soft
and elastic fabric, which is comfortable to wear, according to the testers. In comfort and
touch, Cotton was the second best after OU-B04.

One of the most important criteria of a T-shirt is to fit the body perfectly. In designing
undergarments for brace wearers, it is of primary importance that the final product does
not wrinkle or run up under the brace and fits the body well.

T-shirts manufactured from Cotton knitted fabrics are close-fitting and follow the body
without wrinkles. The T-shirt made from the OU-C05 knitted fabric proved to be too loose,
and as a result, wrinkles appeared. Therefore, it did not meet the requirements. With a
bigger under-tailoring value, it is possible to improve the fitting of the OU-F03 and OU-B04
fabrics.
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During the test wearing, the brace did not damage the T-shirts.

To summarize, the girls preferred the elasticity and the thermo-physiological comfort
of the Cotton T-shirt and the thermo-physiological comfort and soft touch of the OU-B04
T-shirt. According to the girls, the OU-F03 knitted fabric proved to be mediocre in every
respect, and the OU-CO05 knitted fabric was the worst.

6. Discussion

We chose the six tested fabrics because we believed that they might meet the special
requirements of undergarment fabrics worn under a brace.

The evaluation of the physical characteristics of the selected fabrics, the tests conducted
in the climate chamber, and the subjective assessment of the girls wearing braces provide a
complete and detailed picture of the examined fabrics.

Therefore, it is not surprising that the fabrics (except OU-C05) performed well in the
tests. The results confirmed our opinion that Cotton, an environmentally friendly, natural,
and conventional fabric, can compete with the recently developed functional fabrics.

The significant aspects of the evaluation were the following:

e  General thermo-physiological aspects: Good moisture absorption and moisture trans-
mission properties, high air permeability, and advantageous temperature balancing
capability.

Mechanical properties: High elastic elongation and high abrasion resistance.
Thermo-physiological test results: Lower body weight decrease, and lower perspira-
tion rate of the test person, and suitability of the T-shirts at different temperatures.
Subjective evaluation by the test persons.

Availability off the shelf.

Acceptable price-to-value ratio.

Being environmentally friendly.

We ranked the fabrics according to different priorities.

Although the MW-CO01 fabric was the best regarding moisture absorption and air
permeability, and performed well in the climate chamber test as well, it is the worst
regarding elastic deformation because it does not contain elastane fibers.

Although the Cotton fabric performed worst in moisture absorption and air per-
meability, it was good in elastic deformation and was balanced in the climate chamber
test.

Among the fabrics containing PCMs, the OU-B04 fabric was the best, while the OU-C05
fabric was the weakest.

Another aspect was the opinions of the girls who performed the wear test. They liked
the Cotton and OU-B04 T-shirts best. Due to the small elastic deformation, the MW-C01
fabric probably would not have won the girls’ favor.

The last three aspects tip the balance toward the Cotton fabric. This fabric is the
cheapest, it is easily available, and it is clearly the most environmentally friendly of the
examined fabrics [43]. Since this fabric had a balanced performance in the tests, currently,
the Cotton T-shirt can be recommended for wearing under a brace.

The results of our study are of limited validity as the climate chamber tests were
performed with the participation of only one test person, and each T-shirt was tested
only once at each temperature. Therefore, we have no data for statistical evaluation.
Nevertheless, we believe our results are valuable, provide good data for orientation, and
they are a good starting point for further more comprehensive investigations.

7. Conclusions

In this study, we researched how undergarment fabrics can influence a brace wearer’s
thermo-physiological comfort level. We compared six T-shirts made from different special
knitted fabrics. In the wearing tests, the test person wore the brace over the undergarment.
The tests were performed in a computer-controlled climate chamber at three different
temperatures. In addition, we also received subjective assessments from teenage girls
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wearing braces, who wore our shirts under their braces for a few days. The results indicate
that the knitted fabrics of the undergarments and environmental conditions considerably
impact the wearer’s thermo-physiological comfort. The recently developed functional,
high-performance moisture-wicking fabric and the functional fabrics containing PCMs
performed very well in most aspects; therefore, they are suitable for wearing under a brace.
However, unfortunately, they are expensive and currently hard to acquire. The T-shirt
made from the classic Cotton fabric containing elastane yarn also performed well in the
tests. Since this fabric is currently the most environmentally friendly, the cheapest, and the
most easily available of all the examined fabrics, it can be recommended for wearing under
a brace.
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The purpose of this research was to develop a novel, multifunctional apparatus that makes possible to carry out
two common tests of woven fabrics and flexible sheet-like materials, namely the shear and the yarn-pull out test.
We designed an apparatus that can be mounted on a universal load machine and makes possible to test the
materials rapidly and precisely.

In this paper we introduce the apparatus and the related simple shear and yarn pull-out test methods, as well

as the accuracy and reproducibility of the test results obtained. We carried out cyclic shear and yarn pull-out tests
on plain and panama weave materials. We found that the relative deviations of the common shear (G, 2HG,
2HG5) and yarn pull-out parameters were around 5-9% in most cases that confirms the repeatability of the test
method. With our method, one can cairy out these tests without an expensive, dedicated test device.

1. Introduction

At human environmental textiles, at flexible sheets & composites (e.
g. canopies), and at composite reinforcements it is necessary to know
their various mechanical properties in order to be able to design and
create complex structures [1-4].

In the former cases the textile or the flexible sheet has to suit to the
shape of the body or adequate draping properties are required for the
appropriate optical performance. At composite reinforcements, the
textile has to conform the shape of the mold. In all these cases, besides
the good handling possibilities, appropriate shear properties, flexibility
and the role of the friction between the fiber bundles or yarns have high
importance (and moreover these things also influence one another)
[5-7].

1.1. The shear-tests of flexible sheets and textiles

The method for investigating the shear properties of textiles and
other flexible sheets has to be simple and rapid to fit the current re-
quirements of the industry. There are widely-known methods making
available to determine the shear properties, but these are either
complicated, or the stress state, generated by the test setup, is not ideal

[8,9].

In case of woven textiles maybe the simplest method is when the
specimen in bias direction (the weft and warp yarns are located in +45°
directions to the axis of pulling) is tested by a tensile tester [8]. As the
endings of the yarns are not constrained in the shear zone, therefore the
shear state is suitable, but complex. The problem is with the determi-
nation of the exact location of the pure-shearing zone and as the shear
deformation is calculated from the strain of the whole sample it is hard
to obtain precise results. The method can be further improved by image
processing as Domskiené and Strazdiené [10] and Al-Gaadi and Haldsz
[11] demonstrated. This method is more precise but maybe too complex
for industrial purposes and besides, it does not make possible to carry
out cyclic tests that is a significant disadvantage.

The other widespread method, when the textile or the canopy sample
is fixed to a picture frame that has knuckle-joints in the corners. The two
opposite corners of the frame are displaced by the load machine thus the
square becomes a rhombus the way the specimen is sheared. This
method makes possible to make cyclic tests. The method is simple but
not precise because the stress state is not ideal near the clamping bars
hence the yarns are bended [10-12]. Orawattanasrikul [13] elaborated
a special method to avoid the bending of the yarns during tests. The
edges of the textile is not clamped, but pinned into needles. These
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needles make possible to transfer the shear forces, still makes possible
the rotation of the yarns, therefore their bending can be neglected.

The Kawabata’s Evaluation System for Fabrics (KES-FB) [14] can
also be used for determining the shear properties of flexible sheets and
textiles. At this method two parallel 200 mm long sides of a rectangular
textile sample are clamped and one of them is moved to shear the
specimen (Fig. 1/a) by an F; [N] force. The initially 50 mm distance of
the parallel clamps (Xp) gradually changes (X(t)) as a constant trans-
versal pretension is applied during the test. The system is precise and the
experiment can be carried out rapidly. The pretension (f, [N/m]) is
generated by a rotating drum and the requisite displacement is calcu-
lated from torque measurements that requires additional electronic
control devices. As the device only operates in the +8° shear angle
range, therefore the bending of the yarns along the two edges can be
neglected.

The totally automated, computer controlled KES-FB device does a
cyclic shear test. During the test the shear motion changes direction as
the shear angle reaches +8° or —8°. The schematic of the measurement
and a typical specific shear force — shear angle diagram can be seen in
Fig. 1. Based on the diagram, the so-called Kawabata parameters can be
determined: the hysteresis of shear force at shear angle of 0.5° (2HG [N/
m]), the hysteresis of shear force at shear angle of 5° (2HG5 [N/m]), the
shear rigidity, calculated from the mean slope of the curve in the region
between a shear angle of 0.5° and 5° (G [N/(m°)], respectively).

1.2. The yarn pull-out tests of woven fabrics

The yarn pull-out test is also a widely researched topic. Various
measuring devices were made to do these kinds of tests, but all of them
are one of a kind. Currently, the commonly accepted yarn pull-out
measurement device is unknown.

The yarn pull-out test can be used to determine the interaction be-
tween the yarns of woven fabrics. During the test, the force needed to
overcome the mostly frictional connection between the yarn to be pulled
out and the crossing yarns is measured. The interaction between the
yarns has a fundamental role on the material properties. It influences the
shearing, bending, wrinkling, etc. properties, moreover the impact
strength and the energy absorbing capacity of woven fabrics, hence it is
very important to know this interaction, especially for modelling their
mechanical behavior [15,16].

The principle of the yarn pull-out test can be seen in Fig. 2, while
Fig. 3 shows a typical result of a single measurement. During the test, the
rectangular woven fabric specimen has to be clamped on both sides,
then a single yarn is pulled out along the centerline in parallel with the
clamps. It is important that the upper end of the yarn is clamped and
pulled, the other end of the yarn has to be able to move free. At the first,
static stage of the yarn pull-out test (Fig. 3) due to the increasing pull-out
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force, the yarn being pulled-out straightens out and stretches, which
leads to shear deformation on both sides of the yarn. The specimen itself
deforms leading to a displacement (d,). The second, kinetic stage starts
when the pull-out force reaches the peak value and overcomes the static
friction force among the yarns. At this moment the yarn starts passing
through the crossing yarns, leading to the increasing displacement of the
yarn (dy). The pull-out force (Fp,) is gradually decreasing with periodic
waves and tending to zero as the yarn passes through more and more
transversal yarns. The magnitude of Fp, also influences the vertical
deformation of the specimen itself (d,) that also decreases during this
stage of the test.

In the case of another, modified test setup the free end of the pulled
yarn overhangs the bottom edge of the fabric sample [18,19]. Fig. 4
shows a typical pull-out curve when the overhang was 50 mm. Due to
this modification the kinetic phase of the yarn pull-out divides in two
more phases. In the first region of the kinetic phase the yarn to be pulled
out passes through the same number of crossing yarns, hence the end of
the yarn does not reach the bottom edge of the fabric sample. In this
phase the mean value of the periodic tensile force after a quick decrease
sets at an approximately constant value. When the end of the yarn to be
pulled out reaches the bottom edge of the fabric sample, the second
region of the kinetic phase starts. This time the pulled yarn passes
through fewer and fewer crossing yarns, hence the mean value of the
periodic tensile force decreases and tends asymptotically to zero.

Several papers have been published on the yarn pull-out test and its
results [11,17-23]. Using the capstan equation some [11,16] tried to
determine the coefficient of friction among yarns from the yarn pull-out
test results. However, the accuracy of the applied methods has not been
proved yet. Knowing the maximal yarn pull-out force and the tensile
strength of the yarn, Pan and Yoon [22] determined the critical yarn
length. The critical yarn length is similar to the critical fiber length
widely used in composite mechanics [24]. The critical yarn length
equals the half of the critical fiber length and it means the smallest
length of the embedded yarn that breaks due to the load instead of
slipping out of the fabric.

1.3. The aim of the research

Yarn pull-out test is not a standardized test, therefore it does not
include a standard measuring apparatus. Researchers usually build
different clamps for this purpose, but these are typically only U-profile
static clamps that are only suitable for yarn pull-out tests. Hence, many
times they try to deduce the shear properties of fabrics from yarn pull-
out tests [25,26].

To determine the shear properties of woven fabrics, we have previ-
ously described some well-known and widely used methods, including
the Kawabata shear test. This measurement can be only carried out with

2HGS
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X shear force
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—
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Fig. 1. Schematic of the tensile shear tester device of KES-FB system (a) and a typical specific shear force — shear angle diagram (b).
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Fig. 2. Schematic of the yarn pull-out test a) clamped, unloaded sample, b) sample during test [17] h: height of the sample, w: width of the sample, y,. yarn overhang,
d,: displacement of the yain, d.: displacement of the textile, F,,: yarn pull-out force.
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Fig. 4. Typical yarn pull-out curve in case of a 50 mm overhang.

the KES-FB1-A Tensile and Shear Tester, which is an expensive, stand-
alone device for testing the tensile and shear properties of fabrics and
from time to time it requires maintenance and calibration.

In our study, the aim was to design and construct an apparatus that
makes possible to combine the simplicity of the above-mentioned test
methods and the precision of the KES-FB system in order to determine

the shear properties of textiles, textile composites and other flexible
sheets. A grip that makes possible to maintain transversal pretension of
the textile during the tests akin to the KES-FB shearing system was
designed. Moreover, the same apparatus can be used for yarn pull-out
tests of woven textiles. The pretension is applied by clearly mechani-
cal ways during the tests leading to a simple, easy-to-build, symmetrical
construction. There is no need for a complete device dedicated to only
shear or yarn pull-out experiments as the grip can be mounted on almost
any kind of universal load machine. With the apparatus the tests can be
carried out rapidly and the evaluation of the results can be done with the
aid of the software of the load machine. In this paper we demonstrate the
applicability of this measurements and the accuracy of the results in case
of both yarn pull-out and shear tests through some examples of technical
materials.

In the current paper we describe the construction of the new appa-
ratus we designed, as well as the shear and yarn-pull out tests we made.
Shear tests (with the same principle of the KES-FB system) were made on
a glass fabric, a polyester fabric and a canopy material, yarn-pull out test
were made on another glass fabric and on a viscose fabric, moreover we
introduced new parameters for the yarn-pull out test for the detailed
evaluation of the results.

2. Materials and methods
2.1. Materials

For the shear tests we chose materials which are applied in technical
fields: two woven fabrics, one was made of glass and the other one was
made of polyester (PES) and besides a canopy that was a polyester (PES)
fabric reinforced polyvinyl chloride (PVC) one. The structural-
geometrical properties of the chosen materials can be seen in Table 1.

For the yarn pull-out tests we chose one glass-based and one viscose-
based reinforcing fabric. The structural-geometrical properties of the
chosen fabrics can be seen in Table 2.

2.2. Methods

2.2.1. Apparatus design

For all the measurements we used the novel apparatus (the universal
grip unit) we designed. The schematic drawing of the apparatus for
shear and yarn-pull-out tests can be seen in Fig. 5. The experimental
setup is symmetrical. There are two clamps at the vertical edges of the
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Table 1
Structural-geometrical properties of the shear-tested materials.
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Fabric Type Material Weave Areal density [g/m?] Thickness [mm] Yarn linear density [tex] Yarn count [1/10 mm]
Warp Weft Warp Weft
Glass 1 Glass Plain 250 1.20 200 300 5 5
PES Polyester Panama 2/2 400 0.72 105 105 24 24
Canopy PVC + PES Plain 265 + 85 0.31 28 28 15 12
Table 2

Structural-geometrical properties of the yarn pull-out tested materials.

Fabric Type Material Weave Areal density [g/m?] Thickness [mm] Yarn linear density [tex] Yarn count [1/10 mm]
Warp Weft Warp Weft

Glass 2 Glass Plain 50 0.04 10.9 9.1 25 20

Viscose Viscose Plain 200 0.44 67 67 14 14

sample and one in the middle. Only the middle clamp is to be changed
for the corresponding test. Yarn pull-out requires a top grip to catch the
overhanging yarn at the top, while shearing needs a full-length middle
grip (as in Fig. 5). Two parallel edges of a rectangular test sample (Fig. 5:
1) are clamped (Fig. 5: 2A) and the deformation is induced amongst the
vertical symmetry line via the middle clamp (Fig. 5: 2B). To achieve a
simple but precise construction the pretension is induced by a long he-
lical spring (Fig. 5: 5) having linear characteristics. During the test, the
two side clamps can move on a horizontal rail due to the vertical force
generated by the load device and the horizontal forces of the pretension
spring mechanism. Prior to the test, the spring has to be stretched) by
two simple worm gears (Fig. 5: 5) until reaching a desired length related
to 20 N tensile (transversal) force. The spring geometry was designed
accordingly, and then the spring characteristics was calibrated by a
tensile test, hence the length related to the 20 N force was determined.
At this displacement a strong (0.24 mm diameter) high performance
polyethylene (HPPE) fishing line (Fig. 5: 7) was then fixed to the hooks
at the ends of the spring limiting its maximum strain. That way the yarn
ensures that the spring can be stretched by the adjustment gears only
until reaching the strain related to 20 N.

The mechanical pretension system makes possible to maintain a
transversal force during the tests with an accuracy of approximately
+0.5% (at a preload of 20 N and 1 mm displacement of the side clamps)
completely avoiding the application of supplementary electronics.

The materialized apparatus mounted on our load machine can be
seen in Fig. 6. The whole apparatus can be tilted to a horizontal position
around the motherboard after removing two fixing bolts (Fig. 7). In the
back side of the apparatus there are two fasteners for fixing the grips on
the linear rail. The side clamps (Fig. 6: 3B) can be fixed at any position
by a locking lever in order to ensure their appropriate distance. In this

Fig. 5. The schematics of the designed apparatus. 1: specimen, 2A: side clamps,
2B: middle clamp (depicting the one for shear tests), 3: rollers with appropriate
bearing, 4: thin rope, 5: gears 6: pretension steel spring, 7: strain limiting yarn,
8: base plate.

horizontal position of the apparatus the textile test specimen can be
fixed to the grips conveniently. Both grips have a rough surface (sanding
paper) at one side and soft rubber on the other side therefore avoiding
slippage when clenched together by screws. As soon as the specimen is
well-fixed, the apparatus can be tilted back to its operating position and
fixed by the bolts. Then the locking levers are to be loosened, so the side
clamps can again slide free on the rail. The pretension can be applied
(Fig. 6: 5-6) by the adjustment gears until reaching the proper strain of
the spring. The middle clamping unit is then fixed depending on which
test (yarn pull-out or shear) is to be carried out. Fig. 6/a shows the
middle clamp for shear test while Fig. 6/b depicts the one for yarn-pull-
out test. The middle clamp for the yarn-pull-out test is a common yarn
tensile testing clamp.

2.2.2. Shear test method

The shear tests were carried out with the novel apparatus which was
mounted on a Zwick Z005 type universal load machine. The force was
measured by a sensor having a range of 5 kN and a resolution of 1 mN.
The tests were carried out with 20 N pretension force (Fp), i.e. 1 N/em
relative to sample length, induced by the spring. The crosshead speed
was 10 mm/min. The shear angle range was +8° and a whole shear cycle
was investigated. Ten samples of each type were investigated in 0°, 90°
and 45°directions, relative to the manufacturing direction. For the tests
the gripping distance (width) was chosen to be 2 x 50 mm (symmetrical)
and the length of the sample was 200 mm. For the measurements we cut
specimens from the Glass 1 and PES fabrics and from the canopy. Due to
the extra material required for side gripping the test samples size was
150 mm x 200 mm.

The shear properties of some selected textile specimens were tested
to demonstrate the applicability of the device for shear tests.

The measurement principle (which is the same as the principle of the
KES-FB system) with the novel apparatus can be seen in Fig. 8. On the
left, the sample is unloaded prior to the test, while on the right it is
loaded.

As the shear modulus is determined at small shear deformations,
therefore the pretension induced by the spring can be considered con-
stant from this perspective. According to the construction, during the
shear tests the transversal yarns of the specimen have approximately
constant length and almost pure shearing takes place. The half-gripping
distance (Xp, in Fig. 8/a) is the distance between the middle and the side
clamps. This X, distance is also identical with the length of the hori-
zontal yarns between the clamps. When the displacement is induced
(Fig. 8/b) the length of the initially horizontal yarns remain the same but
the clamps come closer to each other (X(t)) due to the pretension. As the
side clamps can be fixed at any positions it also makes possible to carry
out tests with constant gripping distance.

The shear angle a(t) can be calculated from the displacement of the
middle clamp as a function of time AY(t) with equation (1):
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Fig. 6. The apparatus with middle clamp for shear test (a) and yarn pull-out test (b) of woven fabrics. 1: crosshead, 2: force sensor, 3A: middle clamp connected to
the crosshead through the force sensor, 3B: side clamps, 4: test specimen, 5: worm gears for adjusting pretension, 6: pretension spring, 7: rollers with bearings, 8:

fixing bolts.

Fig. 7. A montage of tilting the apparatus to horizontal position for chang-
ing sample.

a(t) = resin(AY(1)/Xp) « 180/m, [°] (€D)]

The measurement is carried out cyclically, like at the KES-FB test.
The half-gripping distance (X)) is the same 50 mm as that of the KES-FB.
From equation (1) the displacement of the middle clamp can be calcu-
lated. If Xp is 50 mm and the shear angle is 8°, then the measurement
cycle has to be done with the maximum displacement of the middle
clamp of +6.959 mm.

As opposed to the KES equipment, the testing of the samples left and
right to the middle clamp are done simultaneously, with opposite
shearing directions. The measured shear force is the sum of the forces for
the two sides/directions. Therefore, in determining the specific shear

|
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Fig. 8. The principle of the shear test. The sample is unloaded before the shear
test (a) and loaded during the shear test (b).

force (Ny [N/m]), half the force measured by the tensile tester (F [N]) has
to be taken into account together with the length of the sample that is
parallel to the clamps (H [m]) (2):

Nf = F/(2H), [N/m] ®)

The specific shear force — shear angle diagram can be plotted from
the results, and the Kawabata-parameters can be determined from the
diagram in the usual way.

2.2.3. Yarn pull-out test method and special parameters

The yarn-pull out behavior of fabrics was tested to demonstrate the
applicability of the device for yarn-pull out tests. Moreover, we present
two special parameters, which can be determined from the yarn pull-out
test: the critical adhesion length and the specific resistance against
slippage.

The yarn pull-out tests were carried out with the apparatus which
was mounted on the same a Zwick Z005 type universal load machine.
The force was measured by a sensor having a measuring range of 20 N
with a resolution of 1 mN. The tests were carried out with 20 N pre-
tension force, i.e. 1 N/cm (related to sample length), induced by the
spring. The tests were carried out with a crosshead speed of 100 mm/
min and the warp yarns were pulled out.
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For the tests the gripping distance (width) was chosen to be 100 mm
and the length of the sample was 200 mm. For the measurements we cut
specimens from the Glass 2 and Viscose fabrics. Due to the extra material
required for side gripping, the test specimens size was 140 mm x 200
mm. In addition, for the prepared specimens, the yarn to be pulled out
overhung the upper and lower edge of the fabric by 30 mm and 100 mm,
respectively, due to the type of test. Five samples of each type were
investigated.

It is important to see where is the limit where the yarns break instead
of slipping out of the textile specimen due to the pull-out force. In order
to know the breaking force of the warp yarns that limits the maximum
force at the yarn pull-out tests we carried out tensile tests. We made 15
individual measurements for each material (Glass 2 and Viscose), where
the gripping length was 50 mm. Every other set up parameter was the
same as we used at the yarn pull-out tests. The breaking force (Fs) and
the elongation at break (es) were determined.

During the yarn pull-out test, the pull-out force and the displacement
of the gripped yarn end are registered by the universal load machine.
Various mechanical parameters can be determined from the measure-
ment results that implies the friction between the yarns forming the
fabric.

Knowing the breaking force of these yarns, the critical adhesion
length can be determined.

From the test results a special parameter, the specific resistance
against slippage can be determined. This parameter means the resistance
against slippage of the unit length of the yarn that is slipping through the
crossing yarns. Therefore, that is the required force per unit length to
sustain the slippage of the yarn.

When determining these parameters, we assume that the yarn pull-
out force is directly proportional to the length of the yarn embedded
into the fabric and we neglect the strains of the yarn and the embedding
fabric.

Let the length of the embedding fabric sample be H [mm], the length
of the embedded yarn be L [mm], the crimp of the yarn to be pulled-out
be B. The crimp can be determined with a simple measurement and it
can be calculated according to (3):

B=(L-H)/H, [-] (3)

When determining the critical adhesion length, the peak value of the
yarn pull-out force is used (Fagn, max [N]) for the calculation. This force is
required to set the yarn in motion. From this, using equation (4) the
critical specific adhesion resistance (which is the required force to set
the unit length of yarn in motion) (fagn, max [N]) can be calculated as (4):

F. adh, max F, adh, max
= SEEE . | 4
L H(l+B) [ /mm] @

Using the critical specific adhesion resistance and the breaking force
of the yarn (Fs [N]), the critical adhesion length (L. [mm]) can be
determined as (5):

F,
L= “—, [mm (5)
! fl‘JdIL max |: }

If the measurement is done in such a way that the free end of the yarn
to be pulled out overhangs the bottom edge of the fabric sample before
the beginning of the test, then the specific resistance against slippage can
be determined in two different ways. In this case, the specific resistance
against slippage can be determined from the first and the second region
of the kinetic phase of the yarn pull-out diagram (Fig. 4). However, the
two values may vary significantly depending on the characteristics of
the curve.

In the first case, the specific resistance against slippage is determined
from the first region of the kinetic phase. In this case, the consolidated
mean value of the periodic pull-out force in this region (Fgipp, cons: [N1) is
used for the calculation. Such mean force is needed for the yarn to
continuously slip out of the H-length fabric. From this force, one kind of

Jadn, max=
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a specific resistance against slippage (f siipp, kinz) can be calculated (6):

Fuig_cont {N /mm] ©
H(1 +B)

In the second case, the specific resistance against slippage is deter-
mined from the second region of the kinetic phase. In this phase, the
pulled yarn begins to pass through fewer and fewer crossing yarns,
hence the mean value of the periodic tensile force decreases and tends
asymptotically to zero. Omitting the initial, transitional part of the
curve, a linear trend line can be fitted (Fig. 9).

Where the trend line intersects the horizontal axis (Fig. 15, point B),
the force decreases to 0 and the pulled yarn leaves the fabric. Point A
marks the beginning of the trend line (Fig. 15, A). The displacement
from point A to B is the same as the length of the pulled yarn embedded
in the fabric at point A (Ly [mm]). The force that can be measured at
point A (Fggp, 4 [N]) is the force that is required to maintain the slip of
the Lu-length yarn. From these relationships the other kind of specific
resistance against slippage can be calculated (fsipp, kin2) (7):

fslipp. kinl =

F i, A [N / mm:| @
Ly

This kind of specific resistance against slippage can be calculated
even if the measurement is done in such a way that the free end of the
pulled yarn overhangs the bottom edge of the fabric sample.

The three indicators characterize the mechanical connection of the
cross-linked yarns in the fabric. The critical specific adhesion resistance
shows the force which is required to set the yarn in motion, the specific
resistance against slippage shows the force which is required to sustain
the slippage of the yarn. The purpose of use determines which one
should be determined.

Jtipp kin2 =

3. Results and discussion
3.1. Shear test results and discussion

The Kawabata parameters (2HG, 2HGS and G) were calculated from
the first positive cycle of the tests [10]. The results for the materials can
be found in Tables 3-5, respectively.

The specific shear force — shear angle hysteresis diagrams of the tests
registered for the 0° direction samples can be seen in Fig. 10/a. Due to
the PVC matrix, the canopy was understandably more resistant to the
shear force than the Glass 1 or the PES fabric. In the two latter cases the
yarns can be easily turn on each other at the interlacing points. The
specific shear force — shear angle hysteresis diagrams of the tests made
on the 90° direction samples can be seen in Fig. 10/b. The measurement
process of the shear tests made on the 45° direction glass fabric samples
can be seen in the pictures of Fig. 10/c. In this case the behavior of the
three materials was similar, but significantly different from the 0° and

Pull-out force [N]

0 r T
150 200 250 300 350

Total displacement [mm)]

Fig. 9. Linear trend line fitted to the decreasing part of the yarn pull-out curve.
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Table 3
Shear properties of the glass fabric.
Glass 1 0° 90° 45°
Mean Standard Relative standard Mean Standard Relative standard Mean Standard Relative standard
deviation deviation [%)] deviation deviation [%] deviation deviation [%]
2HG [N/ 1291 1.24 9.6 8.39 0.66 7.9 266.56  55.72 20.9
m]
2HGS [N/ 12:1 0.66 55 7.58 0.66 8.7 117.34 252 21.5
m]
G [N/ 4.54 0.27 5.9 2.77 0.15 5.4 31.36 6.05 19.3
m/°]
Table 4
Shear properties of the PES fabric.
PES 0° 90° 45°
Mean Standard Relative standard Mean Standard Relative standard Mean Standard Relative standard
deviation deviation [%] deviation deviation [%] deviation deviation [%]
2HG [N/ 5.6 1.15 20.5 17.64 1.94 11.0 170.21 11.18 6.6
m]
2HGS [N/ 22.66 1.79 7.9 39.3 3.44 8.8 94.18 4.92 5:2
m]
G [N/ 6.56 0.4 6.1 8.79 0.77 8.8 40.58 2.56 6.3
m/°]
Table 5
Shear properties of the PES/PVC canopy.
Canopy 0° 90° 45°
Mean Standard Relative standard Mean Standard Relative standard Mean Standard Relative standard
deviation deviation [%] deviation deviation [%] deviation deviation [%]
2HG [N/ 70.07 110.82 158.2 70.84 4.86 6.9 212.46 27.22 12.8
m]
2HGS [N/ 3.86 8.08 209.3 109.04 8.42 7 117.94 9.27 7.9
m]
G [N/ 45.33 3.55 7.8 46.32 2.11 4.6 56.25 2.72 4.8
m/?]

90° direction samples. All three materials were more resistant to shear
force and their shear rigidity was much greater than in the cases of
parallel direction samples that corresponds to what we experience in
everyday use.

The measurement process of the shear tests made on the 0° direction
canopy samples can be seen in the pictures of Fig. 11. The series of
pictures shows the first quarter of the measurement cycle. Right after
starting the measurement wrinkles appeared on the canopy. The glass
fabric did not produce such, and on the PES fabric only a few wrinkles
formed. That can be originated from the rigid behavior of the composite
material, not allowing enough flexibility for the fiber yarns to deform.

The measurement process of the shear tests made on the 90° direc-
tion PES fabric samples can be seen in the pictures of Fig. 12. The series
of pictures shows the third quarter of the measurement cycle. All the
three materials had similar behavior like they have had in the cases of
the 0° direction.

The measurement process of the shear tests made on the 45° direc-
tion Glass 1 fabric samples can be seen in Fig. 13. The series of pictures
shows the first quarter of the measurement cycle. In these cases wrinkles
appeared on all the three materials, respectively.

Since we wanted to confirm the proper repeatability of our test
method, we compared the standard deviations of the G, 2HG and 2HG5
parameters with those of other methods. In the literature there are
different studies with the KES-FB machine, on the picture frame test and
the bias extension test. The different materials results in different values
for the G, 2HG and 2HG5 parameters, and therefore we focused on the
comparison of the deviations. Table 6 summarizes the standard
deviations.

From the table we can conclude that the standard deviation of the
various test methods depend on the woven fabric tested. The structure of
the fabric is highly imperfect due to the stochastic nature of the fiber
structures and the weaving itself. At the testing of similar PES fabrics,
the different research groups got greatly different results. Even if the
weave pattern and the material are similar in the different cases, there
can be huge differences in other parameters, e.g. yarn count and area
density, hence we can only compare the scattering of the results.

With the KES-FB system the standard deviations of the PES woven
fabrics was in between 2 and 53% for the shear rigidity (G). In our test it
was around 11-20% for a similar material. The picture frame and the
bias extension test produced a 9-11% and 11-15% standard deviations
in the shear rigidity. That means that the standard deviations and the
reproducibility of the test results are quite similar in the case of the four
different methods introduced. That confirms that our simple and rapid
method gives the same small deviations as the KES-FB method widely
used in the industry and also as the other methods. That also confirms
the good repeatability and reliability of the tests.

3.2. Yarn pull-out test results and discussion

The tensile test results of the warp yarns of the chosen fabrics for the
yarn pull-out tests can be seen in Table 7. The glass fiber yarns had lower
tensile breaking force and also relative elongation at break than those of
the viscose yarns. That is because the viscose yarns had much higher
linear density (see Table 2). These results are used later for the calcu-
lation of the critical adhesion length (L.

Fig. 14 illustrates the process of the yarn pull-out measurements at
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Fig. 10. Specific shear force - shear angle diagrams of 0° direction (a), 90° direction (b) and 45° direction samples (c).

Fig. 11. The process of the shear test on the 0° direction canopy samples.

various stages of the test. A typical yarn pull-out curve of the Glass 2 and
the Viscose fabric can be seen in Fig. 15.

The force — displacement curves of the two fabrics are similar in
characteristics, but the forces acting on the viscose fabric are much
greater, than the forces acting on the Glass 2 fabric. Moreover, the shear
deformation of the viscose fabric affected by the yarn pull-out was much
higher, than that of the glass fabric and in the first region of the kinetic
stage the mean value of the force slowly sets a constant value. In case of
the viscose fabric, the decreasing part of the curve in the second region
of the kinetic stage is almost entirely linear-like, hence in this case a

longer section of the decreasing part can be replaced with a fitted linear
trend line, than in the case of the glass fabric. This is the reason why
there is much less difference between the two types of resistance against
slippage in case of the viscose fabric, than in the case of the Glass 2
fabric.

From the measurement results the critical specific adhesion resis-
tance (fadn.max), the critical adhesion length (L.) and the specific
resistance against slippage from the first (g, xin7) and the second (f gy,
kin1) regions of the kinetic phase of the yarn pull-out curve were deter-
mined. The summary of the yarn pull-out results is shown in Table 8.
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Fig. 12. The process of the shear test on 90° direction PES fabric samples.

~
)
|

Jliil

Fig. 13. The process of the shear test on the 45° direction cut glass fabric samples.

Table 6

Comparison of the standard deviations of various shear measurements (all data in %).
Material Current method KES-FB Picture frame Bias

Glass PES Cotton [27] Viscose [27] PES [27] PES [28] PES [28] Cotton [29] PES [28] PES [28] PES [28]

Weave Plain Panama 2/2 Plain Plain Plain Plain Satin Knitted Plain Satin Plain Satin
G 5.4-5.9 11.0-20.5 1.8-8.9 1.3-5.3 2.2-7.5 28.3 53.0 3.6 9.2 11.0 17.8 15.0
2HG 7.9-9.6 7.9-8.8 7.9-9.1 8.6-8.8 5.6-8.7 21.4 35.7 5.9 9.0 9. 13.0 9.0
2HGS 5.5-8.7 6.1-8.8 8.8-9.0 2.9-4.6 4.5-6.0 14.7 24.9 6.8 6.8 6.1 9.0 8.2

The critical adhesion length (L) was 1.034 m for the glass material,
while it was 0.259 m that fits our experiences. Even though the tensile
force of the viscose yarns were greater than that of the glass yarns, the
dense structure and friction conditions between the yarns led to smaller
critical adhesion length for the viscose material.

In the table it can be seen that the results gave small standard de-
viation despite the fact that the textile structure itself is imperfect. This
can be explained by the sturdy clamping unit that fixes the edges of the
specimen firmly and without the fabric slipping. The good repeatability
of the tests is confirmed.

4. Conclusions

In this study, we introduce a new, simple method for testing the shear
and yarn pull-out of fabrics. The apparatus we designed can be mounted
on almost any kind of universal load machine, and it is suitable for
various textiles and flexible sheets.

The test arrangement is quite similar to the KES-FB system, but

instead of using supplementary electronics, the pretension is generated
by a steel spring in order to regulate the stress-state. The simple, clearly
mechanical system makes available to have a pretension typically in a
+0.5% range during tests. The results revealed that the device can be
used for both yarn pull-out and shear tests properly.

We found that the relative standard deviations of the typical shear
(G, 2HG, 2HGS5) parameters were in the range of 5-20% for the glass

Table 7
Tensile test parameters of yarns.
Fabric F, [N] e [%]
Type = z
Mean  Standard Relative Mean  Standard Relative
deviation standard deviation standard
deviation deviation
[%] [%]
Glass 2 4.65 0.20 4.3 3.1 0.2 6.5
Viscose 8.19 0.71 8.7 20.0 2.0 10.0
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Fig. 14. Glass 2 fabric (a) and Viscose fabric (b) during yarn pull-out test.

fiber and PES fabrics, while the canopy gave greater deviations. The
yarn pull-out parameters were tested, and the standard deviation of the
parameters was mostly between 5% and 9% for the glass and viscose
fabrics tested. The standard deviation of methods gave similar values to
that of popular methods presented in the literature.

The main advantages of the device are the excellent repeatability, the
cost-effectiveness, the appropriate stress state and the short testing time.
For the yarn pull-out test, and the tensile tests the critical adhesion
length was determined. The glass fabrics resulted in 1.034 m, and the
viscose fabrics resulted in 0.259 m due to the different yarn linear
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Fig. 15. Typical yarn pull-out curve of the Glass 2 (a) and the Viscose (b) fabric.
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Table 8
Results of the yarn pull-out test.
Parameter Glass 2 Viscose
Mean Standard deviation Relative standard Mean Standard deviation Relative standard
deviation [%] deviation [%]
Fadh, max [N] 0.899 0.099 11.0 6.321 0.606 9.6
fadh, max [N/mm] 0.004497 - - 0.03161 - -
Liste [mm] 1034 - = 259.1 - -
Puigp, aist [N/mm] 0.529 0.062 11.7 4,398 0.503 11.4
folipp, kin1 [N/mm] 0.002625 = = 0.02185 = =
fslipp, kin2 [N/mm] 0.001733 0.000307 177 0.02094 0.00249 11.9

density and different frictional conditions in between the yarns.
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Abstract: The study aimed to analyze whether the high compression of unique, tight-fitting sportswear
influences the clothing physiology comfort of the athlete. Three specific sportswear with different
compression were tested on four subjects while they were running on a treadmill with increasing
intensity. The compression effect of the sportswear on the body of the test persons, the temperature
distribution of the subjects, and the intensity of their perspiration during running were determined.
The results indicate that the compression effect exerted by the garments significantly influences the
clothing physiology comfort of the athlete; a higher compression load leads to more intense sweating
and higher skin temperature.

Keywords: clothing physiology; tight-fitting sportswear; running test on a treadmill; thermal comfort;
skin temperature; perspiration

1. Introduction

Companies develop advanced high-tech, often high-compression sportswear for pro-
fessional athletes [1-6]. Researches show that such sportswear can increase the performance
of the athlete [7-18]. As a healthy lifestyle involves regular exercise, similar special gar-
ments are available for amateur and grassroots sports.

Sportswear has undergone enormous improvement since ancient times. In the an-
cient Olympic Games, men competed without clothing because they believed the best
performance could be achieved this way. Until the 18th century, the manufacturing cost of
clothes was so high that only the nobility and wealthy people could afford more clothing,
especially for sports. During the Industrial Revolution, however, the textile industry started
to develop at a tremendous rate, and so not only rich people could afford a garment or
garments intended for sport. Until the 19th century, doing sports was mainly a privilege
of men, but this did not bring about considerable changes in sportswear. Women started
to play sports in higher numbers in the second half of the 19th century. The demand for
women'’s sportswear started the development of sportswear, continuing intensively to this
day [19-22].

The development of sportswear is directly related to the requirements of the sport, the
nature and duration of the activities, and the requirements for adequate thermo-physiology
comfort of the athlete [23-30]. In addition, scientists are examining the possibility of
increasing performance through the compression that the garment exerts on the athlete’s
body [7-18]. In recent years, fibers for the manufacture of premium sportswear have been
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extensively researched and considerably improved. With the advancement of technology
and the development of high-performance materials, sportswear now has greatly improved
properties. Special emphasis is given to high aerodynamic and absorption properties, air
and water permeability, strength, and adhesion. Much has also been performed in the field
of design [31]. Sportswear is designed not to restrict the athlete’s activity but provide them
physical support while exercising [32].

These sportswear fabrics are usually composed of polyester or polyamide fibers and
elastomer fibers. The light and strong polyester or polyamide fibers provide the necessary
strength and clothing physiology parameters. The elastomer fibers, capable of large,
completely elastic deformation, ensure that the garment completely fits the athlete’s body
during exercise and provides compression on it. The knitted fabric structure also facilitates
elastic deformation due to the interconnecting loops [1-3].

Compression sportswear is a tight-fitting, compressive form of clothing utilizing
the material’s elasticity. Professional athletes wear compression suits to improve their
athletic performance and speedy recovery from injury. Compression garments are used in
high-performance sports such as running, skiing, swimming, and cycling [33]. It has been
reported that compression garments improve the perception of muscle damage and increase
performance in endurance tests [34]. Compression pants help improve athletic performance
and reduce injuries by reducing muscle oscillations [35]. The use of compression stockings
minimizes the risk of injury from the overall impact of physical exertion [34].

This case study aims to analyze whether the compression of the tight-fitting sportswear
affects the clothing physiology comfort of the athlete and their motion parameters. In our
literature search, we did not find any source that investigated the relationship between the
compression of sportswear and the clothing physiology of an athlete. Therefore, we believe
that the idea that this is worth exploring is novel.

2. Materials and Methods

We tested three tight-fitting sportswear with different compression. In the study, four
subjects wore these tight-fitting sports garments while running with increasing intensity
on a treadmill.

2.1. The Test Persons

We included four girls (TP1, TP2, TP3, and TP4) of similar age and body type in the
study. The age, body mass, and main body measurements of the test subjects are detailed
in Table 1.

Table 1. The age, body mass, and main body measurements of the test persons.

Test Persons

Designation
TP1 TP2 TP3 TP4
Age (years) 23 23 18 24
Body mass (kg) 59.32 66.88 65.25 70.60
Body height (cm) 166 169 171 171
Chest girth (cm) 96 95 92 94
Waist girth (cm) 73 70 71 77
Hip girth (cm) 97 104 99 111
Thigh girth (cm) 55 58 57 64
Lower leg/calf/girth (cm) 35.5 39 38.5 40.5
Inside leg length (cm) 78 76.5 77 79
Dress size upper S S S M
Dress size pants S M M M

The fitness levels of the girls are comparable. Currently, they do sports as a hobby, but
as children and teenagers, they were active athletes. They exercise regularly every week, so
the running intensity and interval in the tests matched their fitness level.
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2.2. Materials

For our purpose, three tight-fitting sportswear were used: one ready-made sportswear
made of polyester/elastane knitted fabric and two made-to-measure sportswear sets made
of polyamide/elastane knitted fabric. Table 2 gives their designation and material composi-
tion.

Table 2. The examined sportswear.

Composition of the Weft-Knitted Fabrics

Designation Description
Long-Sleeved T-Shirt Pants
Ready-made Ready-made KF1 80% Polyester KF2 74% Polyester
Sportswear sportswear 20% Elastane 26% Elastane
Made-to- Made-to-me:jlsure; 74% Polyamide 74% Polyamide
measure sportswear with 1% KF3 26% Elastane KF3 26% Elastane
Sportswear 1 body size reduced ’ ’
Made-to- Made-to-me;.asure; 74% Polyamide 74% Polyamide
measure sportswear with 5% KF3 26% Elastane KF3 26% Elastane
Sportswear 2 body size reduced ’ ’

All three materials are a single weft-knitted fabric and contain a high percentage
(20-26%) of elastane fibers. The structure of the knitted fabrics used is shown in Figure 1.
The knitted structure with integrated elastane yarn ensures large-scale, multiaxial elastic
deformation for the fabrics. In addition, the polyester (PES) and polyamide (PA) fibers
provide strength and abrasion resistance and quickly wick sweat away from the body and
allow it to evaporate, as they can retain very little moisture.

KFL KF2 KF3
Knitted fabric for the Knitted fabric for the  Knitted fabric for the made-
ready-made T-shirt ready-made pants to-measure sportswear

Figure 1. The structure of the knitted fabrics used (microscopic images at 100x magnification).

Although the composition of the studied knitted fabrics is different, they can be used
for our research purpose. This is because, although the properties of PA and PES fibers
are not the same, the pressure exerted by sportswear made from these knitted fabrics is
determined by the elastane fibers, which are present in a high proportion (20-26%) in the
knitted fabrics in addition to PA and PES fibers.

The Ready-made Sportswear was bought in sizes S and M, corresponding to the size
of the test persons and contains a long-sleeved T-shirt made from knitted fabric KF1 and
pants made from knitted fabric KF2. The two made-to-measure sports suits (a long-sleeved
T-shirt and pants) were constructed and made by us according to the cut of Ready-made
Sportswear from the knitted fabric, KF3. They differ only in ease allowance (Table 2).

The Made-to-measure Sportswear 1 and 2 are made based on the test persons’ body
measurements. To ensure comparability, we constructed the patterns of the Made-to-
measure Sportswear 1 and 2 to be similar to the bought Ready-made Sportswear. To
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achieve a compression effect of the sportswear, we have constructed the pattern for the
tailored sportswear with negative ease allowance. This negative ease allowance was 1% in
the case of the Made-to-measure Sportswear 1 and 5% for the Made-to-measure Sportswear
2, reducing the pattern size by 1% and 5% to under body size, respectively.

Table 3 summarizes the most important properties of the knitted fabrics used. The tests
were performed in the Research and Innovation Centre for Design and Clothing Science
at Faculty of Mechanical Engineering, University of Maribor, by standard conditions,
according to ISO 139 (a temperature of 20 °C and a relative humidity of 65%). The following
instruments were used: a Hildebrand thickness gauge, an Akustron Air-Permeability
Measuring Instrument, an HC103/01 Moisture Analyzer, a KES-F7 Thermo Labo II for
thermal properties, and a Zwick 005 universal testing machine for tensile tests (Zwick Roell
GmbH, Ulm, Germany). The static immersion water absorption of the knitted fabrics used
was determined according to the ASTM D 583-63 standard.

Table 3. Properties of the knitted fabrics of the examined sportswear.

Code

Course Wale Immersion Thermal

. . . Air Moisture Dry Heat . Force at 5%
<.)f Maszs Thickness De.nsuy De.nsny Permeability Content Water.Ab- Flow Resistance Elongation *
Knitted (g/m?) (mm) (Piece/ (Piece/ (L/m?-s) (%) sorption W) Ret (N/m)
Fabric 10mm) 10 mm) ? (%) (m-2K/W)
KF1 1941 +£1.5 0.397 + 0.005 30 22 388.6 +7.2 3.15+0.27 69.0 +2.38 2.07 £0.09 0.0719 744 +0.14
KF2 279.1+53 0.497 + 0.012 25 22 4272 4+ 259 135+0.02 4564085 2.01 4 0.04 0.0636 10.36 £ 0.39
KF3 20624+ 0.3 0.356 + 0.003 28 24 133.0 £ 5.3 293 +0.15 8224 1.64 2.134+0.12 0.0721 1235 +£0.21

* In course direction.

2.3. Test Protocol

The four selected healthy girls participated in the experiment, where we studied the
compression effect of clothing on the physiological response of the test subjects. They
were selected to be approximately the same age (their average age is 21.0 £ 2.2 years),
roughly the same size (body mass 63.3 + 2.1 kg, height 170.5 &= 2.5 cm), and a similar
level of fitness. This way, despite the relatively low number of test persons, we can draw
sufficiently well-founded conclusions about the given population.

The wear trial tests were performed under the following ambient conditions: an
ambient temperature of 24 °C and relative humidity of 40%.

The test persons wore the previously presented sportswear and ran on a treadmill at
increasing intensity. The tests were carried out in the Motion Laboratory of the Department
of Mechatronics, Optics and Mechanical Engineering Informatics, and the Biomechanical
Research Centre of the Faculty of Mechanical Engineering of the Budapest University
of Technology and Economics. The Motion Laboratory also allowed the biomechanical
examination of the motion characteristics of the test persons. These results are presented in
a separate paper [36].

The test subject performed the same physical activities in each test; a 15-min run, in
which running speed was increased every 3 min in the following order:

— 3 min: Load I (running speed of 4 km/h);

— 3 min: Load II (running speed of 7 km/h);
— 3 min: Load III (running speed of 8 km/h);
— 3 min: Load IV (running speed of 10 km/h);
— 3 min: Load V (running speed of 11 km/h).

We performed the tests every morning at the same time. The test girls ran on the
treadmill wearing another sports suit once each day. Figure 2 shows one of the test subjects
in the Ready-made Sportswear while running on the treadmill, with the markers necessary
for the movement tests.
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Figure 2. A test person on the treadmill in the Ready-made Sportswear, with the markers for motion
tests.

According to the study protocol, we determined the compression effect of the suit on
the test subjects” bodies, the temperature distribution of the subjects, and the intensity of
their sweating during running. For this purpose, the following measurements were carried
out for each test subject while they were wearing their sportswear:

— The compression effect of sportswear on the body (measuring the pressure exerted by
the sportswear on the body of the test person);

— Body mass loss due to sweat;

— Thermal imaging during running.

2.3.1. Determination of Pressure Distribution

We measured the compression of sportswear on the test person’s body with the
PicoPress tester at 17 points on the body (Figure 3).

Right upper arm
Left upper arm
Ventral middle
Right thigh front
Left thigh front
Right knee

Left knee

Right scapula 1.
Right scapula 2.
10. Left scapula 1
11. Left scapula2.
12. Right tight back
13. Left thigh back
14. Right thigh side
15. Left thigh side
16. Right shank back
17. Left shank back

b ol 2 B b ol ol ol

Figure 3. Pressure measurement points.
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Compression was measured on all test persons before the subjects started running.
The measurement results are given as mean values of pressure on the upper body (Figure 3,
pressure measurement points: 1-3, 8-11) and on the lower body (Figure 3, pressure mea-
surement points: 4-7, 12-17).

2.3.2. Determination of Excreted and Absorbed Sweat

The amount of evaporated sweat was determined based on body mass loss, as the
difference in the test subject’s body mass without any clothing, before and after the study.
The amount of sweat absorbed in clothing was determined based on the mass of clothing
that a test subject was supposed to wear during the test. Test subjects were measured upon
completing the study: first dressed, and then the clothing, piece by piece.

The mass of the clothing was measured with an AA Labor MT -XY 6000 (Midwest
Microwave Solutions, Hiawatha, IA, USA) balance, which has an accuracy of 0.1 g, while
body mass was measured with a Sartorius IS300IGG (Minebea Intec, Hamburg, Germany)
balance with an accuracy of 2 g.

2.3.3. Thermal Imaging Analysis

From the clothing physiology point of view, the critical parameter is the thermal
load on the subject during running. For this purpose, the body surface temperature was
recorded with a FLIR A325sc thermal imaging camera (FLIR Systems, Wilsonville, OR,
USA) (Figure 4).

Figure 4. Thermal images at 0.0 min (left) and 15.0 min (right) with the marked reference areas.

For analysis, we selected eight areas on the body and determined their temperature
values based on the thermal images when running speed was changed.

The selected areas were: neck-nape, right and left upper arm, back, right and left thigh,
right and left calf. The times of evaluation were: 0 min, 3.0 min, 6.0 min, 9.0 min, 12.0 min,
and 15.0 min.

Figure 4 shows the thermal image with the marked selected areas of one test person at
0.0 min and 15.0 min. Except for the neck, all selected areas are covered by sportswear.
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3. Results and Discussion

Table 4 contains the average pressure values of each sportswear on each test person.
(The detailed pressure values for each test person and sportswear at each measurement
point are provided in the Appendix A, Table A1). The average pressure values show that
the compression of Made-to-measure Sportswear 2 is higher for each test person than in the
case of Made-to-measure Sportswear 1 and that the compression of garments constructed
with the same amount of reduction in body size is about the same in the case of each test
person. In addition, the Ready-made Sportswear has the highest compression, except for
Test Person 2, in whose case the compression of the Ready-made Sportswear is between that
of the two other, made-to-measure sports suits. It can also be observed that the standard
deviation of the measured compression values for the Ready-made Sportswear is greater
than that of the two made-to-measure sports suits. This is probably because the Ready-made
Sportswear was not made for the size of the test persons; the persons had to choose from
the sizes available. For this reason, the compression of the Ready-made Sportswear shows
a higher difference between the test persons than that of made-to-measure sportswear.

Table 4. Average pressure values for each test person and sports suit.

Examined Body Average Pressure (mmHg)

Sportswear Part TP1 TP 2 TP 3 TP 4

Ready-made upper 03.43 +1.72 257+0.79 314+121 03.72+2.14

Sportswear lower 12.08 £6.13 792+476 9.75+£567  10.75+4.86
Made-to-measure upper 1.72+170 1.86=£0.69 2.00 =+ 1.00 2.00 £ 1.41

Sportswear 1 lower 6.17 £3.27 583+212 6.25+2.60 6.83 +2.52
Made-to-measure upper 343+199 357+098 314+121 3.43 £1.90

Sportswear 2 lower 725+263 825£299 825+286 7.67 +2.84

We analyzed the amount of sweat the test persons produced. Figure 5 shows the
difference in body mass without clothing, that is, the mass loss of the test persons. Figure 6
shows the amount of sweat absorbed by the sportswear for each test person and suit.

On average, the test persons lost 100-200 g from their body mass during running
(Figure 5). Some of it remained in the sportswear as sweat, and the rest evaporated, cooling
the body.

250
2 200
(%)
C
o
£ 150
9]
o
B 100
]
=
)
= 50
o
o
2 0
o TP1 TP2 TP3 TP4
©
= B Ready-made sportswear Made-to-measure sportswear 1

Made-to-measure sportswear 2

Figure 5. The mass loss of the test persons in the different compression sports suits.

The moisture absorbed by Made-to-measure Sportswear 1 and 2 can be compared
well because they were made of the same fabric and the only difference between them
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is in compression (Figure 6). The higher compression Made-to-measure Sportswear 2
absorbed far more moisture than the lower compression Made-to-measure Sportswear 1 in
the case of three test persons (TP2, TP3, and TP4), while in the case of Test Person 1, the
two values were nearly identical. The higher compression Made-to-measure Sportswear 2
caused a higher reduction in body mass than the lower compression suit in the case of three
test persons (TP1, TP3, and TP4), while with Test Person 2, both sports suits resulted in
nearly identical body mass loss (Figure 5). These results indicate that higher compression
generated more sweating.

8
7
6
o
a
o 4
S
v 3
=}
5 2
©
0
TP1 TP2 TP3 TP4
B Ready-made sportswear B Made-to-measure sportswear 1
B Made-to-measure sportswear 2

Figure 6. The amount of moisture remaining in the sportswear for each test person and suit.

Figure 7a—d shows the average body surface temperatures as a function of time for
each test person and sports suit. As time passes, the average temperature decreases, due
to the more intensive sweating, as the evaporating sweat and the moving air caused by
running take heat away. The test persons stopped after 15 min.
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Figure 7. Cont.
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Figure 7. Average body surface temperature as a function of characteristic time points during running

for each test person and sports suit.

The results obtained for Made-to-measure Sportswear 1 and 2 can be compared well
in the case of thermal imaging as well since they were made from the same fabric; the only
difference between them is in compression.

For better comparison, Figure 8 shows the average body surface temperature cal-
culated for the whole running period. While wearing the higher compression Made-to-
measure Sportswear 2, three test persons (TP1, TP3, and TP4) had a higher body surface
temperature during running than in the case of the lower compression Made-to-measure
Sportswear 1. In the case of Test Person 2, the opposite was true. These results indicate that
higher compression generated higher body surface temperature.

Average Temperature [°C]

B Ready-made sportswear

B Made-to-measure sportswear 2

30
29
28
27
26
25
TP1 P2 TP3 TP4
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Figure 8. Average body surface temperature calculated for the whole period of running.
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4. Conclusions

Our goal was to analyze whether the compression of sportswear on the athlete’s body
influences the clothing physiology comfort of the athlete. We included four test persons
and used three different types of compression sportswear. We measured the compression
of sportswear on the test persons, their body surface temperature, and the intensity of their
sweating during running at increasing speed.

Our results indicate that the test persons sweated more in the higher compression
Made-to-measure Sportswear 2. Their body surface temperature was higher than in the
lower compression Made-to-measure Sportswear 1. We plan to conduct more extensive
tests with more test persons to reveal more accurate relationships. Furthermore, we wish
to supplement our research with measurements with zero compression sportswear.

However, our initial results strongly indicate that in high-tech sports clothing, the
compression applied to increase performance has a considerable effect on the clothing
physiology comfort of the athlete. This fact cannot be ignored when sports clothing is
designed and fitted.
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Appendix A

Table Al. Detailed pressure values for each test person and sportswear at each measurement point.

Person TP1 TP2
Number of ' Pressure (mmHg) ' Pressure (mmHg)
Points Name of Points Ready- Made-to- Made-to- Name of Points Ready- Made-to- Made-to-
made Measure 1 Measure 2 made Measure 1 Measure 2
1. Right upper arm 2 2 Right upper arm 2 2 3
2. Left upper arm 4 2 3 Left upper arm 2 2 4
3. Ventral middle 1 0 1 Ventral middle 2 1 2
4. Right thigh front 7 5 7 Right thigh front 4 5 7
5. Left thigh front 6 5 7 Left thigh front 4 4 6
6. Right knee 7 5 7 Right knee 5 6 6
7. Left knee 8 6 5 Left knee 5 5 7
8. Right Scapula 1 2 1 3 Right Scapula 1 3 2 3
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Table A1. Cont.
Person TP1 TP2
Number of ‘ Pressure (mmHg) ‘ Pressure (mmHg)
Points Name of Points Ready- Made-to- Made-to- Name of Points Ready- Made-to- Made-to-
made Measure 1 Measure 2 made Measure 1 Measure 2
9. Right Scapula 2 5 2 5 Right Scapula 2 3 3 4
10. Left Scapula 1 3 0 3 Left Scapula 1 2 1 4
11 Left Scapula 2 6 5 7 Left Scapula 2 4 2 5
12. Right tight back 14 11 6 Right tight back 5 5 7
13. Left thigh back 16 11 6 Left thigh back 6 4 8
14. Right thigh side 6 5 4 Right thigh side 5 4 5
15. Left thigh side 5 5 4 Left thigh side 4 3 5
16. Right shank back 18 5 9 Right shank back 16 9 13
17. Left shank back 17 4 9 Left shank back 14 8 13
18. Right waist 20 13 10 Right waist 14 8 12
19. Left waist 21 11 13 Left waist 13 9 10
Average [mmHg]: 8.89 5.16 5.84 5.95 4.37 6.53
Stand. dev. [mmHg]: 6.51 3.85 3.02 4.59 2.61 3.34
Person TP3 TP4
Number of ' Pressure (mmHg) . Pressure (mmHg)
Points Name of Points Ready- Made-to- Made-to- Name of Points Ready- Made-to- Made-to-
made Measure 1 Measure 2 made Measure 1 Measure 2
1. Right upper arm 4 2 2 Right upper arm 1 3
2. Left upper arm 4 2 4 Left upper arm 3 2 7
3. Ventral middle 2 2 2 Ventral middle 1 1 1
4. Right thigh front 5 5 6 Right thigh front 7 5 5
5. Left thigh front 6 6 6 Left thigh front 7 5 5
6. Right knee 7 5 8 Right knee 11 5 6
7. Left knee 7 5 9 Left knee 8 5 6
8. Right Scapula 1 3 2 2 Right Scapula 1 6 2 2
9. Right Scapula 2 2 1 5 Right Scapula 2 4 1 4
10. Left Scapula 1 2 1 3 Left Scapula 1 2 2 3
11. Left Scapula 2 5 4 4 Left Scapula 2 7 5 4
12. Right tight back 7 7 6 Right tight back 7 6 6
13. Left thigh back 10 9 7 Left thigh back 8 9 5
14. Right thigh side 4 2 5 Right thigh side 7 4 4
15. Left thigh side 2 5 Left thigh side 7 4 3
16. Right shank back 18 10 11 Right shank back 14 10 10
17. Left shank back 17 8 12 Left shank back 14 10 13
18. Right waist 15 7 13 Right waist 19 10 8
19. Left waist 18 9 11 Left waist 20 9 9
Average [mmHg]: 7.32 4.68 6.37 8.16 5.05 5.47
Stand. dev. [mmHg]: 5.56 2.98 3.45 5.30 3.21 2.95
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Newly developed measuring system Sylvie® 3D Drape Tester, used to
determine static fabric drape, is presented. As opposed to the
conventional Cusick drapameter, the measuring system described is
based on storing the 3D geometrical properties of the draped sample
form, using photographs in the process. The photos and their
processing are employed to reconstruct mathematically the
geometrical shape, while the drape coefficient evaluation is based on
the geometrical model, using two methods.

1. Introduction

The aims of modelling textile materials and woven structures, for the purposes of garment
industry and computer graphics, are quite different. If you, for example come to a real or
virtual tailor, select the fabric you wish and, prior to making the final decision, wish to see
how the suit or skirt would fit, it is preferable that you could see the precisely modelled
article of clothing on the computer screen. When such applications are concerned, the aim is

to create the simplest model to offer a real result or one acceptable to an average observer [1].

The purpose of creating a physically precise and predictable model is minimal, if any. The
main aim is to create computer-generated pictures and animations for the so-called proper
appearance of the clothing. Garment constructor should be able not only to measure the
body (take the measures) and create a personal virtual model, but to define some

characteristics of the real fabrics necessary for the 3D visualisation as well.



In practice, fabrics are exposed to numerous complex deformations, such as draping,
folding or bending. In order for the designer to be able to reach the optimal level of a
rational engineering design, it is necessary to know and understand complex fabric

deformations.

It is much more convenient, in some cases, to determine the parameters of the simulation

system by using the conventional equipment, such as a photo/video equipment used for data

acquisition and storage. This is why the new measuring system Sylvie® 3D Drape Tester
has been developed. The system used conventional equipment and offers computer-
generated simulation of the draped fabric geometry. The parameters of the fabric simulation
model, based on the so called parameterised system of particle elements, have been adapted
so as to match the geometry of the real fabric in a static state, draped over a round surface

(Drapemeter), evaluating the parameters according to the photograph of the fabric.

2. Sylvie® 3D Drape Tester — system for measuring textile fabric drape

A round fabric sample, with the diameter of 30 cm is used with the Sylvie® 3D Drape
Tester measuring system, the same as with the conventional Cusick Drapemetre. The
diameter of the round table in the equipment is 18 cm. The sample draped exhibits

conventional mechanical deformations.

To determine the sample geometry, defined using for laser beams used to illuminate the
sample through mirrors, special 3D scanner is used. Laser beam lines on the draped sample,
which determine the cross-sections of the curve, are recorded as digital photographs. Based
on the recordings of the cross-section curves of the draped samples, an analytical
characterisation of the curve cross-section geometry is done, employing the regression
Fourier series. The interpolation of the positioned draped sample cross-section curve is
done using a special type of the cube B-spline method [2]. The surface interpolated is used

to reconstruct the original 3D-sample geometry.

2.1 Equipment used

The computer-controlled equipment is mounted in a black box, Fig. 1a. The computer
moves the centrally positioned round table, ensuring thus a natural fabric folding and drape,

necessary for the testing. The central part of the equipment is a computer-controlled frame,



with laser beams used to illuminate the sample through the mirrors and four cameras used
to record the laser beams, i.e. the cross-sections of the curves at the various levels of the

draped sample, Fig. 1b.

Fig. 1. Sylvie 3D Drape Tester: a) Computer-controlled equipment mounted in a black box,
b) Laser beams lines on a draped sample

2.2 Measuring procedure

The new system offers storing and recording the sample form at various levels of the
draped sample, enabled by the computer-controlled frame, with the lasers and the system of
4 digital cameras on it. Although this procedure yields numerous curves to determine the
drape coefficient, only the curve of the lower edge of the draped sample is used, the lower

edge being the last point of the outer fold, Fig. 1b.

Prior to determining the curves recorded by the four cameras, it is necessary to calibrate the
measuring system. This is done by interpolating the curves based on the calibration
pictures. Calibration is done in order to define the dimensions of the curves of the sample
draped form ground-plan cross-section. Based on the recordings of the etalone, recorded by
the equipment described, the computer software calculates and stores the distortion and the

necessary rotation of the four fourths. One fourth of calibration etalon can be seen in Fig. 2.

Fig. 2. A fourth of calibration etalon



2.2.1 Processing the images

The four images, making the cross-section curves, are stored by the newly developed
computer software, Fig. 3. The curve points are defined using the methods of image
processing. Taking into account the distortion and rotation of the individual curve

segments, they are positioned into a single image, Fig. 4.

Fig. 3. Four images of curve cross section

Fig. 4. Reconstructed curve cross section

The cross-section curves are approximated by the members of the Fourier series, in a polar
co-ordinate system (1). Most of the members (#) can be defined by the computer software

in question.

R(p) :%ao +ia, cos(ip) + ib,- sin(ip) (1)

i=1 i=1



The Fourier’s coefficients are defined by the minimal square method. If the N number of

the cross-section points measured are at the actual level (R,¢,), then the a;, b; are the

©Pi
coefficients defined by the minimum of the function (2).
N 1 n n 2
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2.2.2 3D reconstruction

The geometry of the sample draped form is modelled by the Bezier’s surface patches. The
shape of the surface patches is defined by the P; J vertices, Fig. 5.

Pq 2

Fig. 5. Bezier's surface patches

The surfaces patches are continually linked with each other, based on the interpolation by
the Catmull-Romm spline method. The slopes of the edges of the surfaces patches are also
defined by the vertices of the actual element.

The values in the vertices of the 3D geometry are defined by the approximating curves (1)

at various levels [3].

3D reconstruction, Fig. 6, is appropriate to calculate the drape coefficient Kp defined

according to the following equation:
A— 7R}

K, = -100 3
" Al w) Y

where R, is the radius of the fabric supporting disc, R, is the radius of the fabric sample,
and 4 is the projected shadow of the draped fabric.



Fig. 6. 3D Reconstruction of the sample draped shape: a) Approximating curves of the 3D draped sample
geometry, b) Simulation of the draped sample appearance

2.3. Measuring the drape coefficient

The measuring system described offers two ways of determining drape coefficients. The
first is based on the four original photographs of the curve cross sections, Fig. 3. The
software determines the curves of covering the outer points of the laser beams on the
draped sample. The surface enclosed by the points can easily be measured. The drape
coefficient Kp is determined numerically, using integers according to the equation (3). This
method of determining drape coefficient is analogous to the conventional method of the

Cusick drapemeter.

Although numerical integration is used with the other method of determining drape
coefficients as well, the surface used in the calculation is a horizontal projection of the 3D

draped samples created by the simulation [4].

3. Experimental

Based on the Sylvie® 3D Drape Tester measuring system presented and the methods of
determining drape coefficients described, we have compared the results of determining
drape coefficient obtained by the measuring system presented and the ones obtained by the

conventional Cusick drapemeter.

15 fabrics have been used in the experiments, differing by the raw material content, surface
area mass, construction, thickness and mechanical properties. Some properties of the

fabrics used can be seen in Tab. 1.



Table 1 Characteristics of the fabrics tested

Desig- Raw material Surface Fabric* Elongation** Deformation | Bending Shear
nation content Weave mass-2 thickness e /% work rigidity i rigidity }
W/gm h/mm WT_ /cNcm | B.;//cNcem™ |G_1/cN(st)

01 100% Cotton Plain 191.06 0.61 7.05 13.23 0.1059 2.84
02 100% Cotton Plain 191.47 0.61 7.69 14.11 0.0933 2.84
03 100% Cotton Plain 188.55 0.62 6.51 12.15 0.1117 3.07
04 100% Cotton Twill 197.07 0.77 10.00 16.17 0.1212 1.52
05 100% Cotton Twill 191.65 0.92 8.17 11.56 0.0964 0.64
06 100% Cotton Satin 194.03 0.81 6.54 9.90 0.0854 0.60
07 100% Cotton Panama 187.70 0.86 8.81 12.45 0.0789 0.53
08 100% Cotton Rips 186.90 0.85 8.00 11.66 0.0839 0.43
09 67% CV; 33% flax Plain 206.89 0.61 6.86 12.54 0.1021 3.03
10 [50% PES; 50% Cotton| Plain 204.09 0.62 7.42 14.50 0.1241 4.05
11 100% PES Plain 202.03 0.59 7.76 14.31 0.1263 3.55
12 100% Cotton Plain 167.12 0.57 6.98 12.64 0.0899 2.16
13 100% Cotton Plain 148.08 0.56 6.22 10.98 0.0760 1.43
14 100% Cotton Plain 185.37 0.68 8.91 15.09 0.0923 1.91
15 100% Cotton Plain 169.62 0.69 8.42 13.13 0.0727 0.71

" h— fabric thickness at the load of 0.49 ¢cN cm™
" & — elongation at the load of 490.35 ¢cN cm’™

index _; — measuring values warp wise

3.1. Testing methods

Determining drape coefficients using the Sylvie® 3D Drape Tester-a has been done based

on the investigations of the 3D geometrical shape of the draped sample surface, employing

the described manners of determining the drape coefficients. Contrary to this, the

experimental method of measuring drape coefficients using the conventional Cusick

drapemeter, equipped with a video camera and a Drape Analyzer software package, is

based on the projection (shadow) of the draped surface of the sample, obtained by light

reflection (light beam) from a parabolic mirror, Fig. 7. The drape coefficient Kp is defined as a




ration of the surface of the rectangular projection of the draped fabric and the surface of the

unreformed fabric sample, equation (3) [5-7].

b) o
Fig. 7: Draping the fabric on the Cusick drapemeter

a) Cusick Drapemeter with a video camera
b) The shape of the draped fabric
¢) Projected shadow of the draped fabric

The investigation has been divided into two parts. The first one included the analysis of the

draping result reproducibility, while the second involved a comparative analysis of the drape

coefficient calculated values, obtained by the Sylvie® 3D Drape Tester presented and the

conventional Cusack drapameter respectively.

4. Results and discussion

The results of the reproducibility of measuring drape coefficients, determined by the

proposed Sylvie® 3D Drape Tester-a, for both methods of determining drape coefficients,
are shown in Tab 2. The Tab. 2 shows the average value, standard deviation and variation

coefficient of the draping for ten parallel measurements of a single fabric sample.

Analysis of the reproducibility results for the fabrics processed by the Sylvie® 3D Drape
Tester shows that the method developed ensures good measuring results reproducibility,
since the variation coefficient of the drape coefficient obtained by the first method is 0.135

%, while for the second method it is 0.211 %.



Table 2 Repeatability results for the drape coefficient values calculated for ten

parallel measurements on the Sylvie 3D Drape Tester

Number of measurements Drape coefficient Ky / %

Manner of evaluating K,
I 11
1 60.5 56.1
2 60.9 56.1
3 60.9 56.3
4 60.9 56.3
5 60.9 56.5
6 60.9 56.3
7 60.9 56.3
8 61.0 56.7
9 60.8 56.4
10 60.8 56.7
Average value 60.85 56.37
Standard deviation with 0.135 0.211
Variation coefficient CV / % 0.223 0.375

The values of the drape coefficient obtained by the Sylvie® 3D Drape Tester and the

Cusick drapemeter, for 15 different fabric samples (Table 1), are shown in Fig. 8.
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Fig. 8. Comparison of the drape coefficient values (Table 1), obtained by different methods and with different
manners of evaluation

Comparing the values of the drape coefficient Kp shows that it is defined by processing the
image of the draped sample curve shape, as well as by the projection twisting final curve
3D of the reconstructed fabric sample draped shape, which exhibits higher values than the
drape coefficient determined by the conventional method, employing the Cusick

drapemeter. The differences in drape coefficient values can be attributed to the differences



in defining the draped shape of the sample, both between the two methods (Sylvie® 3D

Drape Tester - Cusick drapemeter), and between the two manner of evaluating drape

coefficients according to the Sylvie® 3D Drape Tester. Since the first one involves
evaluating drape coefficients according to the computer-processed images of the curve
cross-sections (curves covering the outer points of the laser beams on the draped sample),
while the second determines drape coefficients by projecting the twisting final curve of the
3D reconstructed (simulated) geometry of the draped sample modelled by the Bazier’s
surfaces, we can rightfully conclude that the surfaces of the draped sample projection
obtained thus are bigger than the real rectangular projection of the draped sample. It is also
confirmed by the analysis of drape coefficient values, Fig. 8, since drape coefficient values,
obtained by projecting the twisted final curve of the 3D simulated geometry of the draped
sample, come close to the values of drape coefficients determined by the conventional

Cusick drapemeter.

A detailed analysis of the evaluation of drape coefficients leads to an interesting fact that
both methods of evaluation, as well as all the three manners of determining drape

coefficients have certain disadvantages.

The conventional method with the Cusick drapemeter leads to problems when, due to high
deformability of the fabric, the depth of the folds exceeds the width of the area TI(R,* — R,
which means that the geometry of the fold is partially below the projection of the horizontal

plate surface, with the diameter R, and the existing measuring technique cannot recognise it.

When the draping parameters are determined by the measuring system Sylvie® 3D Drape
Tester, where the geometrical shape of the draped surface is defined on the basis of
processed images of the curve cross-sections, while the software seeks the curves of
covering the laser beams on the draped sample, the problem arises of objective recording of
the draped sample shape geometry. Because of the folds formed, the lower edge of the outer
and inner side of the fold are not in the same plane, and laser beams can recognise only the
depth of the fold as a rectangular projection of the lowest position of the fold inner part

indentation and not the whole of the fold geometry, i.e. the outer part of the fold.

The measuring system presented offers, besides determining draping properties of static
textile fabrics, a representation of the fabric simulation model as well, based on the so

called parameterised system of particle elements. Since the parameters of the fabric



simulation model are adapted so as to match the real fabric geometry in a static state, the
measuring system developed also offers a simulation of the draped fabric related to the

visualisation of the fabric incorporated in an article of clothing, as can be seen in Fig. 9 [8-9].

Fig. 9. Virtual Fitting On

5. Conclusions

The measuring system Sylvie® 3D Drape Tester, developed in order to evaluate the
characteristics of draped textile fabrics, is a new and original way of evaluating the
geometry of a draped shape of a fabric. Apart from the computer-aided simulation of the
draped shape geometry, it also offers the possibility of calculating drape coefficients. The
results obtained for the drape coefficients calculated exhibit high correlation to the ones

obtained by conventional methods.

The method presented is highly acceptable for the purpose of measuring textile fabric

draping parameters, as well as for virtual presentation of garment fit.
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