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ABSTRACT

Tensile properties of compression socks play a vital role to exert the adequate radial pressure,
directly linked to their work performance, and working life. These properties are deployed using
various type of materials and machine adjustments. In this scientific research work, socks samples
were commercially bought and cut to evaluate their physical, structural, tensile properties and theory
of exertion of compression pressure. So, current research work is comprised of two parts. Part 1
presents a scientific tensile characterization of the sock’s cut-strip hauled to analyze; force at
practical extension compared to experimental pressure (Ps), comparison between tensile indices,
experimental pressure (Ps) and force at practical extension. These tensile indices include; loading
energy (W), unloading energy (W "), hysteresis (H), and tensile linearity (TL). Results showed that
the force value at practical extension (Fr) impart the significant influence to explain experimental
pressure (Ps). It was also concluded that the tensile indices (W, W', H, and TL) statistically shows
significancy (R?- value = moderate-strong) to force at practical and experimental pressure. Part 2 is
comprised of a theoretical investigation of compression pressure using the modelization technique
and transformation of the Laplace’s law. This technique helped to explore some unknown
parameters especially, deformed width (wys), true stress (oT1)/ logarithmic strain (er)/true modulus
(E7). Using these unknown parameters; Laplace’s law was transformed to two new mathematical
models; Model 1 (T.Y.M); based on true Young’s modulus and Model 2 (E.Y.M); based on
engineering Young’s modulus and deformed width (ws). Furthermore, the results revealed that the
transformed models; model 1 and model 2 and basic Laplace’s law have well approximation to
experimental pressure (Ps). Existing models were also compared to experimental pressure to analyze
their efficacy. Newly transformed models were also statistically compared to original Laplace’s law
revealed that newly developed models have strong significant approximation to basic Laplace’s law.

KEYWORDS: Tensile characterization, ankle cut-strips, modelization technique, transformed
Laplace’s laws, experimental pressure, approximation to Laplace’s law



ABSTRAKT

Tahové vlastnosti kompresnich ponozek hraji zasadni roli pfi vyvijeni pfiméfeného radidlniho tlaku,
piimo spojeného s jejich pracovnim vykonem a zivotnosti. Tyto vlastnosti jsou nasazovany pomoci
riznych druhti materiali a strojnich uprav. V této védecko-vyzkumné praci byly komercné
zakoupeny a naiezany vzorky ponozek, aby se vyhodnotily jejich fyzikalni, strukturalni a tahové
vlastnosti a teorie vyvijeni kompresniho tlaku. Soucasna vyzkumna prace se tedy sklada ze dvou
Casti. Cast 1 predstavuje védeckou charakteristiku tahu prouzku ponozky tazeného k analyze, silu
pti praktickém vytazeni ve srovnani s experimentalnim tlakem (Ps), srovnani mezi indexy tahu,
experimentalnim tlakem (Ps) a silou pfi praktickém vytazeni. Tyto indexy tahu zahrnuji zatéZovaci
energii (W), odlehcovaci energii (W), hysterezi (H) a tahovou linearitu (TL). Vysledky ukézaly, ze
hodnota sily pfi praktickém prodlouzeni (FL) mé& vyznamny vliv na vysvétleni experimentalniho
tlaku (Ps). Rovnéz se dospélo k zavéru, ze indexy tahu (W, W', H a TL) statisticky vykazuji
vyznamnost (hodnota R? = stéedni aZ silnd) pro silu p¥i praktickém a experimentalnim tlaku. Cast 2
se sklada z teoretického zkoumani kompresniho tlaku pomoci techniky modelovani a transformace
Laplaceova zdkona. Tato technika pomohla prozkoumat nékteré nezndmé parametry, zejména
deformovanou $itku (wr), skute¢né napéti (o) / logaritmickou deformaci (1) / skute¢ny modul (E).
Pomoci téchto neznamych parametri byl Laplacetiv zdkon pfeménén na dva nové matematické
modely. Model 1 (T.Y.M) je zaloZen na skute¢ném Y oungoveé modulu a Model 2 (E.Y.M) je zalozen
na inzenyrském Youngové modulu a deformované Sitce (wf). Kromé toho vysledky odhalily, Ze
transformované modely model 1 a model 2 a zdkladni Laplaceiv zdkon se dobie pfiblizuji
experimentalnimu tlaku (Ps). Stavajici modely byly také porovnéany s experimentalnim tlakem za
ucelem analyzy jejich ucinnosti. Nové transformované modely byly také statisticky porovnany s
puvodnim Laplaceovym zakonem a ukazalo se, Ze nové vyvinuté modely maji silnou vyznamnou
aproximaci k zakladnimu Laplaceovu zakonu.

KLICOVA SLOVA: Charakterizace tahu, kotnikové stiihy, modelacni technika, transformované
Laplaceovy zdakony, experimentalni tlak, priblizeni k Laplaceovu zdkonu
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Original cross-sectional area [mm?]
Actual cross-sectional area [mm?]
Circumference of the leg [mm]
Circumference of socks [mm]
Diameter of the leg [mm)]
Arc length of circular strip [mm]
Engineering modulus [N/mm?]
True modulus [N/mm?]
Radial force /Practical force of extension [N]
Final length [mm]
Original length [mm]
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Experimental pressure [kPa]
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1. Introduction

Medical compression socks with the gradual decrease in compression pressure are utilized to
conduct the compression therapy. There are two main principles i.e. Laplace’s law and Pascal’s
law, involved in explaining how the compression therapy system delivers the pressure around the
leg. The first principle involves the application of Pascal’s law, which demands muscle
movement to generate a pressure pulse that is distributed evenly in lower limbs during active and
passive exercise. Pascal’s law is also used to explain the compression pressure during dynamic
conditions [1]. The second principle involves the application of Laplace’s law to create a varied
interface pressure based on limb shape and tension of the stocking applied. This law is used to
evaluate the compression pressure in static conditions [2].

Based on the theory of Laplace’s law that was developed to relate the wall tension and radius of
cylinders (e.g. blood vessels) to the pressure difference due to inflation and deflation of two
halves of cylindrical vessels [3],[4],[5]. The equation can be expressed as

T
P=— (1)

r
where; P denotes pressure [Pa], T is cylinder wall tension [N/mm] and r is cylinder radius [mm].
Ancutiene et. al (2017) investigated the tensile properties using the KES-F system. The graphical
representations (figure 1) of the stretch (1% cycle) and recovery (5" cycle) results portray the
various tensile properties of compression sock strips.
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Figure 1. Load-extension curve [6]
To obtain the areas bordered by the tensile and resilience curves, the trapezoidal rule was a simple
and operative quadrature rule. According to the trapezoid rule, the partial sum of individual
trapezoid areas could quantitatively present the hysteresis (H) when the fabric is stretched as
shown in figure 1.

= (v1; — y2) + (y1 2i01)
H zz Yii — Y4 2Y i+1 — Y4i+1 . (Rpaq — X)) )
i=1

1=
where H is the hysteresis, , y1; is the tensile curve and y2; is the resilience curve [6].
The tensile energy W can be quantitatively estimated by equation 3.
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With the decreasing of the stretch loading, the return curve formed reflects the tensile resilience
energy W' of the fabric, which can be calculated by equation 4.

W' = f F(x)'. d(x) 0
0

where; x is the displacement of stretched fabric; F(x) is the tensile force needed in response to
the stretched displacement [6].
Tensile linearity indicates the wearing comfort. Lower values of the TL give higher fabric
extensibility in an initial strain range indicating better comfort but the fabric dimensional stability
decreases. Tensile linearity can be calculated using below equation
2.W

TL = Fa (5
where; F,, is the force at maximum deformation, a,, is maximum displacement, W is loading
energy [6]
Stretch ratio is the ratio of the circumferential difference between the leg and socks to the sock’s
circumference while reduction percentage is the ratio of the circumferential difference between
the leg and socks to the leg’s circumference calculated using equation 6 and equation 7 [7].

Lc_sc

S¢
Lc - Sc

L

Stretch ratio (S,) = (6)

Reduction ratio (R,) =

(7)

where; L is leg circumference, S, is socks circumference

Hui and Ng (2001) [8] and Halfaoui et al. (2016) [9] developed a model to predict interfacial
pressure exerted on a fabric tube. In this study, they formulate a theoretical model to predict
interfacial pressure is generalized as

_21T€Eihi 8
=28 ®)

where; E; is the modulus of elasticity [N/mm?], h; is fabric thickness [mm], C is the circumference
of cylindrical fabric [mm)], € is engineering strain.

Ng and Hui (2001) [10] proposed objective method to predict interfacial pressure as given below
2R, Elt
= 9
Ctube (1 - Re)
where; El is the modulus of elasticity [N/mm?], R, is the reduction ratio, Cy,pe is the circumference
of the cylindrical tube and t is the thickness

Maklewska et al. (2006) [11] designed and modeled warp fabrics used for compression therapy

based on the pre-set value of unit pressure. The model is based on the theory of Laplace’s law.
2nF
P = 10

where; F is force [N] of strip, G; is circumference [cm] of leg, W is cut-strip width [cm] and P, =
pressure exerted by the knitted fabric



Dubuis et. al. (2014) [12] studied the patient-specific FE model leg under elastic compression and
design a model to evaluate compression pressure. They established model is given below

P stij;f € an

where; stiff is the sock’s stiffness [N/mm], r is the radius of leg curvature [mm], and ¢ is the strain

Leung et. a/ (2010) [13] designed a mathematical model based on the theory of Laplace’s law

p= 2nEA, ¢ 12
~ 4,(1+9)C (12)
where; E is the modulus of elasticity [N/mm?], C is the body circumference [mm], A, is the original

cross-sectional area of fabric [mm?], and € applied strain

Jariyapunya et al. (2018) developed knitted fabrics for the estimation of strain value [14].

2mogd

where; of is fabric circumferential stress [Pa], d is the thickness, C is the cylinder circumference

Zhang’s et al. (2019) [15] used the concept of cylinder stress law with thin-walled assumption to
design mathematical models for the prediction of compression expressed as below

D;E; t
p— i

(14)
Ly
where; t is the thickness of cylinder, ry,; is the radius of part i of the cylinder, E is the tensile

modulus, Dj is the axial length of the cylinder

Teyeme et al. (2021) modified the Laplace’s law based on the theory of modelization by

incorporating the parameters of engineering stress and strain values mentioned below.

Ees?2
P=—" n (15)

where P is pressure, E is elastic modulus, € is strain, C is leg circumference and s is thickness
[16].
2. Purpose and the Aim of Study

The main purpose of current research was to investigate how well the tensile indices values
explain the pressure results. It was also claimed to re-establish the pressure predicting
mathematical models. For this modelization technique, there were introduced some new
parameters to transform basic Laplace’s law. The main objectives of the current research are
tabulated as follows;

Tensile characterization of compression sock’s ankle cut-strips

Force at practical extension compared to experimental pressure

Comparison of hysteresis, force at practical extension and experimental pressure
Comparison of loading energy, force at practical extension and experimental pressure
Comparison of unloading energy, force at practical extension and experimental
pressure

e Comparison of tensile linearity, force at practical extension and experimental pressure



Theoretical investigation to modify Laplace’s law

e Development of model 1 considering true Young’s modulus and deformed width (wys);
model 1 (T.Y.M)
e Development of model 2 considering engineering Young’s modulus; model 2 (E.Y.M)

Statistical comparison of modified and existing models

3.

a)

b)

e Experimental pressure compared to model 1 (T.Y.M) and Laplace’s law
e Experimental pressure compared to model 2 (E.Y.M) and Laplace’s law
e Experimental pressure compared to existing models
e Comparison of developed models and Laplace’s law

Overview of the Current State of the Problem

The tensile properties of compression socks play a vital role defining periodical efficacy
and targeted compression pressure. In the scientific literature, no research was found in
which the combined influence of tensile indices (W, W', H, TL), force at practical
extension (Fr) and experimental pressure (Ps) had measured. Literaturely, a few studies
exist in which tensile indices are related to experimental pressure. These tensile indices
values are measured using Kawabata evaluation system (biaxial extension) [6],[17], [18],
[19], [20], [21] instead of uniaxial tensile tester (followed in this study).

Many studies exist in which the theoretical prediction of compression pressure is done
using a numerical approach; Finite-Element method (FE method) [22-31] and
mathematical approaches by approximating/modifying the basic Laplace’s law [9-16],
[32-38]. European Committee for Standardization (CEN) declared that the pressure
values of compression garments are calculated by Laplace’s law, where the tensile force
is measured under semi-static conditions [32]. Equation of Laplace’s law was applied on
various objects; wooden leg, [7],[8],[11], [33-35], PVC cylinder [14-16],[39] biological
vessels [36], wooden leg wrapped with neoprene fabric simulating the human skin
morphology and then installed the socks [26], leg mannequin of varying anatomy of the
leg and together on human leg as well wooden leg [6],[8-10],[12-13], [37], to validate
experimental compression pressure. Most of the researchers concluded that Laplace’s law
well explained the experimental pressure when worn onto wooden legs but there are a few
researchers who disagree to this concept. Macintyre et al. (2004) concluded that Laplace’s
law predicted the pressure exerted by compression garments on a cylinder model with
different curvature radii and Laplace’s law significantly overestimated the compression
pressure in some cases [3]. Costanzo and Brasseur (2013) proved the inadequacy of
Laplace’s law when applied to the biological vessel. This has a non-linear response to
deformation that is difficult to measure because of the nonlinear hydrostatic response. To
overcome this flaw of Laplace’s law shear stress concept was introduced instead of hoop
stress using multiple constitutive models [36],[38]. Liu et al. (2013) concluded that there
existed considerable differences between the experimental and theoretic pressure values
except for samples exhibiting more tuck stitches than others. Measured pressures in all
specimens were considerably more than those predicted by Laplace’s law. This difference
may be considered due to geometric and morphologic deformation in loops and stitches.
[6]. In most of the above scientific research, the basic Laplace’s law is used for the
prediction of compression pressure but some of the researchers had claimed to modify it
without any additional parameter except the notational changes which was the gap in this



part of the research work. In this research work, there were introduced some missing
parameters that can be incorporated for the modification of Laplace’s law using the
modelization technique. These unknown parameters include; true stress (o),
true/logarithm strain (eg), true modulus (Et), engineering stress (oe)/ strain (eg) /
engineering modulus (Eg) and deformed width (ws). Using these mentioned parameters,
two new models based on engineering Young’s modulus and true Young’s modulus
abbreviated as Model 1 (E.Y.M) and Model 2 (T.Y.M) were developed. As per the
literature review, none of the researchers has considered the viscoelastic behavior of the
compression socks only justifying the theoretical and experimental difference that is due
to surface friction, stitches uneven deformation and slippage factor, etc. In real,
compression socks being super-elastic when donned on the leg undergoes axial shrinkage
after circumferential expansion causing the ultimate circumferential compression
pressure.



4. Experimental Work
4.1. Procurement of compression socks
A total of 13 commercially available sock‘s samples were purchased exhibiting three different
compression class levels (Class I, 2.40~2.80 kPa; class Il, 3.06~ 4.27 kPa and class 111, 4.53~
6.13 kPa; where (1 kPa =7.500 mmHg) [7]. Class 1 socks samples are coded as Al, A2, and A3;
Class Il as B1, B2, and B3 while class Il as C1, C2, C3, C4, C5, C6, and C7. Most of the socks
(about 11 samples) exhibited (1x1 laid-in plain Knit) structure shown in figure 2(b). While only
2 samples belonging to class | exhibit (1x1 laid-in- mesh knit) portrayed in figure 2(a) were
confirmed during visual as well as unravelling analysis of compression socks. Compression socks
were tested on fix-sized standard wooden leg exhibiting 240 mm circumference around the ankle.

\J*( ‘{ A
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Figure 2. (a) 1x1 laid-in- mesh knit (b) 1x1 laid-in plain knit

All of the samples were evaluated for their built-in physical and technical specifications as shown
in table 1 and table 2 with great precision and accuracy under standard atmospheric conditions
RH%, 65+5%, temperature, 20+2°C as per CEN 15831:2009 [32], and RAL-GZ 387/1 (Medical
compression hosiery quality assurance) [7].
4.2.  Preliminary testing of compression socks under study

Preliminary data of all 13 samples were evaluated at the ankle portion includes; fabric weight
[g/m?], fabric thickness [mm], quantitative analysis for polyurethane composition [%], type of
yarns transformed to knit, stitch density, and circumference/width of the compression socks at
ankle portion. All samples were categorized grounded on the 3-levels of compression classes
(Class 1, class Il and class Ill) based on the intensity of compression pressure at the ankle
mentioned in CEN 15831:2009 [32] and RAL-GZ 387/1 [7]. The class level is defined concerning
pressure at the ankle portion because of being a complex part of the leg (contour surfaces and
bony).

4.2.1. Determination of fiber content of the fabrics
Fiber analysis of all samples was done using the standard procedure mentioned in AATCC-20A-
2013 and results are shown in table 1. To confirm the contents (Polyamide /Polyurethane ) at the
ankle portion, there was marked a square of 50x50 mm (250 mm?) on both faces of compression
socks as shown in figure 3(b), unraveled the weft knitted threads to understand the yarn and knit
type, as well as contents, etc. Unraveled threads were weighed, and treated with an 95% solution
of formic acid to dissolve the polyamide filaments per the procedure mentioned in AATCC-20A
method (Quantitative analysis of fiber composition). The weight of the undissolved



polyurethaneextracted from all samples was done to find the percentage of polyurethane through
the solubility test given in table 1 using the following equation.

Weight of polyurethane threads
Polyurethane percentage [%] = Total weight of the threads .100 (16)

Table 1. Physical specifications of compression socks

Sr.no. | Code Circumference at ankle Fiber analysis [%] *PU/*PA | Classification
[mm]

1 Al 190 30/70 *CCLI
2 A2 186 31/69 (2.40-2.80
3 A3 144 28/72 kPa)
4 Bl 156 33/67 *CCLII
5 B2 178 30/70 (3.06-4.27
6 B3 164 25/75 kPa)
7 Cl 162 50/50
8 C2 156 45/55
9 C3 146 38/62 *CCLII
10 | c4 178 28/72 (4.53-6.13
11 | cs5 156 40/60 kPa)
12 Cé 146 32/68
13 C7 162 45/55

*PA=polyamide, *PU= polyurethane*CCL= Compression class level [7].

4.2.2. Determination of thread count of fabrics
The number of wales and courses per centimeter and stitch density per centimeter square were
measured using the pick glass advised by the RAL GZ-387/1 standard of quality assurance [7].
Results of measured parameters; wales density (number of wales per cm), course density (number
of courses per cm), and stitch density (stitches per centimeter square) are given in table 2.

4.2.3. Determination of thickness of the fabrics
Digital thickness tester of model M034A, SDL (Atlas) device was used to determine the thickness
of the material according to standard test method 1SO 5084:1996. The material is measured as
the perpendicular distance between the base plate on which the fabric sample is positioned, and
a circular pressing disc that develops on the surface of the fabric. The measurement progress is
recorded by a computer program. The area of the pressing leg was 20 cm? while the load of
200gram was applied. Thickness testing results are given in table 2.

4.2.4. Determination of weight per unit area of fabrics
Sample cut-strips; 250 mm? obtained from each sock were relaxed for 24 hours under controlled
standard atmospheric conditions and were weighed using an electronic weighing balance. Given
results in table 2 were calculated using the formula given below
Fabri ot [i] _ Average fabric weight [g] 400 17
APHCWEIERY |m2] = ™ Area of fabric [cm?] a7
Table 2. Technical specifications of compression socks

Code Stitch density




Thickness | Fabric Weight Course density | Wales density | [stitches/ cm?]
[mm] [9/m?] [per cm] [per cm]
Al 0.40 139.44 22.4 19.21 430.43
A2 0.46 134.00 24.6 16.20 398.52
A3 0.54 149.28 18.20 20.00 360.00
Bl 0.90 291.60 22.00 18.00 396.00
B2 0.75 298.00 22.60 18.27 412.90
B3 0.64 306.08 23.20 22.06 511.79
Cl 0.69 281.60 20.80 22.41 466.12
C2 0.68 265.20 21.80 20.34 443.41
C3 0.65 296.00 21.00 23.44 492.24
C4 0.86 360.56 19.20 19.00 364.80
C5 0.70 298.44 24.00 22.00 528.00
C6 0.87 312.80 16.80 24.48 411.26
C7 0.72 384.88 22.60 26.00 587.60

4.3. Hand washing
Hand washing and rinsing of pair of each sock’s samples was preceded before testing the physical
and technical specification under slightly hot water for washing at a temperature of about 37+3
°C as per detailed specifications given below in table 3. The procedure comprised of dipping
socks in a bucket for 10-15 minutes then were dehydrated (Hydro-extraction) by placing them
flatly between two layers of towels for 24 hours under standard atmospheric conditions (RH%,
65+5%, temperature, 2042 °C) for fully drying purpose proposed by socks manufacturing brands.

Table 3. Hand washing parameters
Parameters Dipping time

Water temperature

3743 °C

Samples weight
2509

Water quantity

Hand washed | 10-15 minutes 5 liters

4.4.  Marking and slicing of cut-strips (ankle portion)

Initially, a dried sock sample was put onto a wooden leg in such a way that socks samples are not
fully stretched to wales direction (longitudinal direction), considering no creases on the
surface/face of fabric drawn a mark of mean-dashed-line (-); figure 3(a) corresponding to main-
grooved-line engraved on the face of the wooden leg; figure 3(e). After marking the mean-dashed
line (-), socks were put-off and allowed to be relaxed for 24 hours. After 24 hours, a square of
50x50 mm (250 mm?) was marked keeping the drawn dashed line (-) as the mean line of the
square marked on the face of the fabric. This was done to overcome variation due to repeated
measurement of compression pressure and to keep the wales and courses smooth and straight.

Putting on and off all the hand-washed socks samples was done 5 times keeping the mean of the
marked square, figure 3(c), at the main grooved line around the leg, and pressure was measured
using the Salzmann MST MKIV model. Such a method of marking can be proposed to avoid the
variability and reliability of compression pressure results. After marking and pressure
measurement, a circular strip having widths of almost 50 mm was sliced into loop-strips as shown
in figure 3(d). The slicing can be made at any position of leg up to thighs and arms in un-stretched



form. The sliced loop strips of all 13 socks samples were donned to the leg to measure deformed
width (ws) as shown in figure 3(d).

(b)

Deformed width (wf) after
circuumferential stretch \‘{

Standard grooved
line (Ankle )

(€) Mean square
and main
grroved line
coinciduing

(a,b,) (d) :

Figure 3. Marking (a) Locating exact grooved line on leg on the face of socks (b) Square

marking 50x50 mm (250 mmz2) (c) Coinciding mean line and main line over the sensor
at the ankle on leg surface (d) Deformed width (e) Grooved line (ankle portion)

45. Wooden leg model
The compression pressure of each sock sample was measured on a standard-sized wooden leg
arranged by Swisslastic standard leg producing company, located in Switzerland recommended
by RAL-GZ 387/1 and CEN 15831. The circumference of the leg at ankle; cB = 240 mm while
the length of the ankle from the sole of foot along the leg; ¢{B = 120 mm (the height from the sole
to grooved line on the face of leg at ankle portion).

4.6. Measurement of experimental pressure
Currently, there are two major methods used for the determination of compression performance-
the direct in vivo method and the indirect in vitro method using different tools. In this research
work, we performed in vitro method for indirect evaluation of compression pressure using the
Salzmann pressure measuring device MST MKIV (Salzmann AG, St Gallen, Switzerland). as
shown in figure 4.

Figure 4. MST MKIV pressure measuring device



Two lengths of the probe are available. Only the shorter one (34cm long) with four contact points
was used in this study. Such evaluation of compression measurement was performed under the
standard test method RAL-GZ-387/1.

4.7.  Force-extension curve analysis using the cut-strip method
In this scientific research, all the detached cut-strips were investigated for their tensile behavior.
For this CRE (constant rate of extension) based Testometric tensile testing machine was selected
and used.

4.7.1. Sample preparation

To investigate the tension behavior, all the circular cut-strips from the ankle part of compression
socks were linearized into rectangular strips keeping the vertical edges of square mark of area
250 mm? between inner edges of clamps, alternatively as shown in figure 5(a). All 13 sample
strips were allowed to be relaxed under controlled atmospheric conditions for 24 hours. Tensile
testing along the wale direction is not tested here because there is no impact of the force of axial
extension (longitudinal extension) on compression pressure. So decided to extend the cut-strips
transversally to characterize the radial forces and measurement of tensile indices. Relaxed
samples were cleaned by removing edging threads along the course direction to ensure inlaid
threads must be griped to both clamping jaws to get an accurate and precise measurement of the
force compared to extension data as publicized in figures 5(a) and 5(b).

(a) (b)

Figure 5. (a) Clamped strip without extension, (b) Clamped strip after extension

The testing parameters and machine specifications were followed as per BS EN 14704-1 standard
test method. Test specifications include: tensile rate, 100 mm/minute; specimen dimensions were
144~190mmx*40~55mm (lengthwise range of all cut-strips x widthwise range of all cut-strips),
gauge length adjusted was 50 mm. Lengthwise range means the strip lengths along the width of
compression socks or in the course direction. While the widthwise range means the strip width
along the length or the wales direction of compression socks.

Most of studies in which the strips are extended to fix extensions depending on the size of the
object or requisite intensity of compression pressure. Ng and Hui (2001) [10] mentioned that
elastic fabric is stretched in making up a pressure garment for clinical treatment generally ranges
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from 5-50%. While RAL-GZ 387/1 defines this range by mentioning that standard size hosiery
can be a maximum of 50% of the extensibility transversely at all measuring points. Dongsheng
et al. [40] proposed that clothing pressure increases linearly by increasing fabric elongation when
it is within the 60% range. A person while wearing a tight garment transversal extension is not
more than 60% the of initial length. Chattopadhyay et al. [41] mentioned during preliminary
studies of pressure garments on several subjects that the maximum extension at which the
samples were subjected during wear is about 60%. Therefore, it was decided to study the load
elongation behaviour of the test samples only up to 65% extension.

Table 4. Specifications of cut strips/compression socks/wooden leg

= = o o n| 2 m
® @ =. = 3 = = o x
o552 2 = 2 = = 2 Eo |88
S 7, = Q s 5 o = @ o x| 23
® 38w z = o s 2 @| 3| 383
S5 = > — w _— FB — > —
9 > % Q = g =3

=y =y
[N] | [mm] | [mm] | [mm] | [mm] | [mm?] | [mm] | [mm] | [kPa]
FL At Wi t Wi A, £ S¢ Ps
Al 2.978 13.16 50.0 0.40 44.3 20.00 63.15 190 2.24

A2 3.416 1452 | 46.5 0.46 43.0 21.39 | 64.51 186 2.4
A3 4.54 33.33 | 40.0 0.54 36.0 2144 | 83.33 144 3.07
Bl 7.872 26.92 54.0 0.90 48.0 48.65 | 76.92 156 3.65
B2 5.148 17.42 50.0 0.75 44.0 37.50 | 67.42 178 3.75
B3 1.72 23.17 54.0 0.64 48.0 3456 | 73.17 164 4.34
C1l 8.304 24.07 54.0 0.69 49.0 37.26 | 74.07 162 4.71
C2 8.238 26.92 | 48.0 0.68 42.0 32.64 | 76.92 156 4.83
C3 9.338 32.19 52.0 0.66 46.5 3432 | 82.19 146 5.29
C4 7.928 17.42 50.0 0.86 45.0 43.00 | 67.42 178 5.33
C5 9.332 26.92 51.3 0.68 47.8 34.88 | 76.92 156 5.46
C6 10.972 | 32.19 50.0 0.87 45.0 4350 | 82.19 146 6.26
C7 11.996 | 24.07 55.0 0.72 51.5 39.60 | 74.07 162 6.46

Table 5. Tensile indices values of compression socks’ cut-strips

Code | Hysteresis Loading Unloading | Tensile linearity Force at practical
energy [mJ] | energy [mJ] extension [N]
H w W' TL Fo
Al 3.54 14.26 10.72 0.728 2.978
A2 4.36 16.16 11.8 0.652 3.416
A3 6.41 75.12 68.71 0.993 4.54
Bl 12.96 103.78 90.82 0.979 7.872
B2 8.84 45,92 37.08 1.024 5.148
B3 19.77 107.24 87.47 1.199 7.72
Cl 13.02 115.78 102.76 1.159 8.304
C2 13.42 116.29 102.87 1.049 8.238
C3 15.35 155.6 140.25 1.035 9.338
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C4 11.78 71.96 60.18 1.042 7.928
C5 18.12 144.33 126.21 1.149 9.332
C6 14.671 199.421 184.75 1.129 10.972
C7 19.075 160.44 141.365 1.111 11.996

4.7.2. Loading curve at practical extension

Force at practical extension was extracted from the 5" cycle loading curve as shown below in
figure 6. The practical elongation is calculated by considering the circumferences of the leg as
well as of socks at the ankle portion. Here the circumference of the leg is fixed to 240 mm but
each socks sample exhibit different circumferences at the ankle so the force of extension at
specific practical elongation (extension level) is different. Figure 6 revealed the intensity of force
of practical extension for all socks samples is different because of the varying parametrical and
dimensional specifications.

15 Force compared to practical extension

0

0 2 4 6 8 10121416 18 20 22 24 26 28 30 32 34 36
Practical extension [mm]

®Al ®A2 ©A3 @Bl ©B2 ©B3 @Cl @C2 ®C3 @C4 oC5 @C6 oC7
Figure 6. Force extension diagram at practical extension
4.8.  Statistical analysis

All of the testing results were statistically analyzed using simple regression analysis. Regression
analysis is the statistical tool used to define the data point’s distribution by using the least-squares
estimation method which derives the regression equation by minimizing the sum of the square of
errors. The best-fit line is actually the regression model line. This regression line passing through
data points gives us a regression model that helps to determine how well the independent variable
explains the dependent variable. Regression results help to identify the direction, size, and
statistical significance of the relationship between a predictors and responses. Regression
equation provides ‘best’ fit line to examine how the response variable is changed by changing
the predictor value as well as to predict the value of the response variable for any predictor value.
The tools used in this research are coefficient of determination value (R-value) and Pearson
correlation coefficient.

5. Modelling part
5.1.  Modelization technique to analyze Laplace’s law
The compression pressure (P) is defined by the force (F) which is exerted on an area of 1 m?. From
figure 7(a), the curvature of the leg plays a deciding role to quantify the extent of pressure on the
surface of the human leg. This is described by Laplace’s law stating that the pressure (P) is directly
proportional to the tension (T) of compression socks but inversely proportional to the radius (R)
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of the curvature to which it is applied (see equation 1). Costanzo et al. [36] estimated the hoop
stress in biological vessels using Laplace’s law mentioning that commonly wall stiffness is
measured by interpreting the slope of total hoop stress against strain as an elastic modulus but he
used the mathematical Laplace’s law model to estimate the hoop stress.

For prediction of compression pressure exerted by the circular strip, the circular strip was worn
to the ankle portion of the wooden leg as shown in figure 7(a). To evaluate the intensity of
compression pressure on the surface of the wooden leg at the ankle portion, it was divided the
circular wooden leg into two halves along with a deformed circular-cut strip as shown in figure
7(b). Each half portion of the circular cut strip when stretched and deformed width was analyzed
and assigned the different notations describing the suppression of the cut-strip from the inner
side.

Figure 8 is describing the mechanism of the force of exertion from the internal side of circular
stretched cut strips per unit area of small arc length (dL= R. df) by the leg and the reversal force
of exertion assumed to be interface compression pressure (P). To calculate the interface pressure
(P) it was assumed the following limitations of the current model.

e Geometry of cylinder is axisymmetric

Material is isotropic

An axial force is assumed to be zero

Friction between socks and leg is neglected

Practical force (Fr) is assumed to be acting radially to exert interface pressure (P).

The thickness of the circular cut strip after stretching is very small so assumed to be
unchanged.

o Different stretch ratio as causing a decrease in the width of the circular cut strip as shown
in figure 7(a) is considered as deformed width (wr)

Laplace’s law is the basic principle that attributes to characterize the graduated nature of
compression hosiery. It describes the tension produced by a pressure gradient acting across the
wall of an elastic cylinder. Laplace’s law can be easily derived by considering the case for a static
equilibrium where the force caused by the internal pressure (P) induced by a medium of width (wj)
stretched on a cylinder by a force (Fr) as shown in figure 8. It was found that pressure exerted by
a strip on the surface of the human leg has compatibility with Laplace’s law.
Fr= Radial practical force [N]

d= Diameter of stretched socks/wooden leg [mm]
ws= Deformed width of circular strip [mm]
L= Total length of strip [mm]
t= Thickness of compression socks [mm]
R=Radius of wooden leg [mm]
X= X-axis
Y= Y-axis/direction of pressure

di= Arc length of the circular strip [mm]

0 = Degree angle
P= Pressure exerted per unit area [kPa]
Due to static equilibrium condition

5=

The total sum of forces will become
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2?:] P weRdO
0

Where P can be replaced by P.sin® so the above equation will become
e

2F, =P waf Sin6.d® = P Rwg.(—1)[cos 180° — cos 0°]
0
ZFL=PRWf[1+1] =2PRWf
FL, =PRwy (18)
where; F|, is the radial practical force of cut-strip around the leg [N], P is radial pressure [kPa], R
is radius of wooden leg [mm], w¢= deformed width [mm] of socks strip around the leg [9],[13],
[16], [42-45].

Wooden leg
Strip

(a) (b)
Figure 7. (a) Front view of the leg and cut-strip (b) Top view of cut strip worn to wooden leg
A Y-axis
]

- -
“

~

L

Wooden leg
Strip

X-axis

Figure 8. Mechanism of suppression of circular cut-strip due to the wooden leg
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5.2.  Development of model 2 (E.Y.M) in view of engineering Young’s modulus

5.2.1. Engineering stress

The engineering measures of stress and strain notated in this research as o are determined using
the original specimen cross-sectional area A,. Force and extension data were obtained using a
Testometric tensile testing device. The corresponding engineering stress and strain were calculated
using equations 19 and 20.
Stress (o) is defined as the force per unit area of a material so engineering stress can be calculated
as

F, Fp
_-AO_-tWﬁ
F_= Tensile force applied to fabric [N], A, =Original cross-sectional area of the fabric [mm?],t =
Thickness of fabric [mm], wi = Width of fabric [mm] [46].

O (19)

5.2.2. Engineering strain
In terms of cut strips, strain (eg) is defined as extension per unit length so engineering strain can

be defined and calculated using

_ Extended length ¢ 1 20
°E = Original length ~ £, (20)
Equation 20 can be used to measure stretch ratio/draw ratio (A) which is the reciprocal of elastic
coefficients

4
Draw Ratio = - = l+eg=A (21)
o
where; € is engineering strain, € is final length, £, is original length
In case of circular loop-strip and cylindrical wooden leg, the circumferential/longitudinal/practical
strain is the ratio of circumferential difference between leg and socks to circumference of the
socks. Equation 20 and 22 shows the analogy between them.

——1 (22)
where; €g; engineering strain, Cp; leg circumference, Cg, circular strip circumference [7],[46].

5.2.3. Measurement of deformed width
When the sock’s circular-cut strips detached from the ankle portion were donned to the wooden
leg at the ankle portion as shown in figure 7(a) at practical elongation, the deformations in the
strip’s widths (wr) were measured given in table 4.

5.2.4. Engineering modulus

Young’s modulus, or the modulus of elasticity, is one of the most important measures of the
mechanical properties of a material. However, it is difficult to obtain an exact stress-strain diagram
on textile fibers even if we use the load-extension diagram as a substitute for the stress-strain
diagram. This is because the load-extension diagram does not make a straight line and because the
percentage of extension is so high that many difficulties occur in determining Young’s modulus.
Generally, his modulus is measured while elongation is kept very small.

Here, ideally, elastic material (compression socks) satisfies Hook's law so, let o be the
engineering stress and € be an engineering strain at any point in the straight-line region of the
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stress-strain diagram. Then, Young’s modulus E is defined as the ratio of engineering stress to

engineering strain so we can write
Engineering stress

ET Engineering strain
Bp=2F = L 23
ET e T Aves (23)

Here o is engineering stress; € is engineering strain while Eg is the modulus of elasticity
[36],[38],[481,[49], [501,[51].
Comparing equation 18 and equation 23, we can get
FL: FL
PR Wg = EE AO €g
B = Eg Ao €
E— R W;
2mEg Ageg 1000
C W;
where; Ef, is engineering elastic modulus [N/mm?], w; is initial width of strip [mm], t is thickness
[mm], eg is engineering strain, C is circumference [mm] and Pg is circumferential pressure
exerted around the wooden leg [kPa]. Equation 24 is denoted as model 2 based on engineering
Young’s modulus (E.Y.M); model 2 (E.Y.M).
5.3.  Development of model 1 (T.Y.M) in view of true Young’s modulus

Pg = (24)

5.3.1. True stress
The stress is calculated based on the instantaneous area at any instant of load, and then it is the
true stress. There could exist a relationship between the true stress and engineering stress once no

volume change is assumed in the specimen. Under this assumption;
Instantaneous load

True stress = -
Instantaneous cross — sectional area

Fy
or = = (25)

where; A is the actual area of the cross-section corresponding to load Fy,
Assuming material volume remains constant
At =At,

Based on the assumption of the above equation, equation 25 can be written as

FLA, Fp?
T AA, At
Using equations 19 and 21 in the above equation

or = og(1 + €g) (26)

OoT

5.3.2. True/logarithm strain
True strain is defined as the instantaneous increase rate in the instantaneous gauge length defined
as true strain [46],[51].

tde
Er = —_—
{o t
er = In(1 + €g) (27)
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5.3.3. True elastic modulus/Young’s logarithm modulus
Using equations 26 and 27

True stress ot

™ Truestrain ~ e

_ GE(l + EE)
T 7 In(1 + ¢5)
Using equations 19, equation 28 can be modified to
FL(l + EE)
ErIn(1l + &) = ————
Ao
_ ErAgIn(1 + &g)
L= (1 + EE)
Equating equations 18 and equation 29, relation will become
Fi=FL
ErAgIn(1 + ¢
rAIn(ter) o
(1 + SL)
P = ET AO 11’1(1 + SE)
7 (1 +¢)Rw;
Equation 30 can be named Model 1 in view of true Young’s modulus (T.Y.M)

As we know that the circumference of the leg (C) is C= 2mR so the radius can be calculated
using

(28)

(29)

(30)

R = C
- - 21-[ -
Put the value of radius ‘R’ in equation 31, we can write

2mEr Ay In(1 + ££)1000
T = (1+e¢)C (31)
EJ) L Wr
where; Er is true engineering Young’s elastic modulus [N/mm?], wy is deformed width of strip
[mm], eg is engineering strain, C is circumference [mm] of the wooden leg at the ankle, wy IS
deformed width [mm], Py is circumferential pressure exerted around the wooden leg [kPa] based
on the theory of true engineering Young’s modulus. Equation 31 is denoted as Model 1 based on
true engineering Young’s modulus (T.Y.M); model 1 (T.Y.M).
Table 6 represents the theoretical measured values comprised of measurement of engineering
stress (o), circumferential/longitudinal/engineering strain (eg), engineering modulus (Eg) and
deformed width (wy), true stress (o), true/logarithmic strain (1), true elastic modulus (Er) to
be incorporated into modified mathematical models; model 1 (T.Y.M) mentioned as equation 31
and model 2 (E.Y.M) as equation 24. All additional supporting calculated parametrical values are
also given in table 4 helped to measure the values given in table 6.
Table 6. Theoretical results of cut-strips for pressure predictions

Engineerin Longitudinal Engineerin Deformed True True True
Code g g engineering g 9| width on X
stress . modulus stress strain | modulus
strain leg
Og E€E Eg Wr o Er Ep
[N/mm?] No unit [N/mm?] [mm] | [N/mm?] | No | [N/mm?]
unit
Al 0.149 0.263 0.566 44.3 0.188 0.234 0.805
A2 0.160 0.290 0.550 43.0 0.206 0.255 0.808
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A3 0.210 0.667 0.315 36.0 0.350 | 0.511 0.686
Bl 0.162 0.538 0.301 48.0 0.249 |0431 0.578
B2 0.137 0.348 0.394 44.0 0.185 | 0.299 0.619
B3 0.223 0.463 0.482 48.0 0.327 | 0.381 0.859
C1 0.223 0.481 0.463 49.0 0.330 | 0.393 0.840
C2 0.252 0.538 0.469 42.0 0.388 | 0.431 0.901
C3 0.272 0.644 0.423 46.5 0.447 | 0.497 0.900
C4 0.184 0.348 0.529 45.0 0.249 | 0.299 0.832
C5 0.268 0.538 0.497 47.8 0412 | 0.431 0.955
C6 0.252 0.644 0.392 45.0 0.415 | 0.497 0.834
C7 0.303 0.481 0.629 51.5 0.449 | 0.393 1.142

6. Results and Discussion
In this scientific research work, the tensile properties of socks’s cut strips were statistically
compared with experimental pressure and force at practical extension. These tensile properties
include; hysteresis (H), loading energy [mJ], unloading energy [mJ], and tensile linearity (TL).
Secondly, theoretically developed models for the prediction of compression were also statistically
equated with experimental pressure, existing models, and Laplace’s law to estimate their mutual
significance. To determine a relationship between any of two variables, Pearson correlations (r)
and coefficient of determination values (R2-value) were computed with a significant threshold
setat p <0.05.
6.1.  Force at practical extension compared to experimental pressure

Figure 9 portrays the effect of force at practical extension on experimental pressure (Ps). The
practical force of extension is the function of compression pressure exerted by the cut-strips. This
function of exertion is defined mainly by Laplace’s law and various researchers. The contribution
of the force of the practical extension to compression pressure was statistically analyzed using
simple linear regression analysis.

Comparison of force at practical extension and experimental
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Figure 9. Force at practical extension compared to experimental pressure
Statistical results shown in figure 9 has revealed that force at practical extension imparts a
significant influence on the intensity of compression pressure. It was quantified based on the
coefficient of determination values (R?-value =0.9223). This R? -value depicts that the intensity
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of pressure exertion depends about 92.23% to the practical force of extension [N]. The regression
model (figure 9) also comprised of the two more important coefficients explaining the nature and
trend of the regression line. These regression coefficients are named y-intercept (0.8997) and
slope value (0.4714). Here y-intercept value (0.8997) means the regression line intercepts the y-
axis at 0.8997 which is very closer to the origin of axes while the slope gives the rate at which
the dependent variable can be explained by the independent variable. The slope values (0.4714)
also indicated that experimental pressure will increase by 0.4714 kPa for every increase in 1 unit
of force at practical extension. The correlation value between the force of practical extension and
experimental pressure was also measured (r= 0.9603) which also shows a direct positive
relationship between the two mentioned parameters.

6.2.  Hysteresis

Figure 10 illustrates the statistical relationship between force at practical extension (FL),
hysteresis (H) and experimental pressure (Ps). But it was necessary to relate how hysteresis (H)
values of the all the socks samples explains the experimental pressure (Ps) and force at practical
extension. Figure 10 portrayed that hysteresis value of all the samples explain 74.7% to the
experimental pressure values. The strength of the significance was measured on the basis of the
coefficient of the determination values (R?-value = 0.747) and correlation coefficient (r=0.864;
strong positive Pearson correlation coefficient) using second order polynomial fitting line in
regression analysis. It also portrayed that hysteresis has a very strong relationship with force at
practical extension values. The extent of dependency was computed based on the coefficient of
the determination value (R? -value = 0.8297) and direction of the relationship using Pearson
correlation coefficient (r=0.910; strong positive correlation). This shows that hysteresis values of
all samples explain the 82.97% to force at practical extension.

Comparison of hysteresis , experimental pressure and force at
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Figure 10. Hysteresis and force at practical extension compared to experimental pressure

6.3. Loading energy
Figure 11 represents the relationship between the force of practical extension (FL), loading energy
(LE), and experimental pressure (Ps). The extent of the dependency was measured on the basis
of the coefficient of the determination values (R?-value) and Pearson correlation coefficient (r).
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Comparison of loading energy, experimental pressure and force
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Figure 11. Loading energy and force at practical extension compared to experimental pressure

Higher deformation causes higher recovery of fabric to return to its original position ultimately
increasing the intensity of compression pressure. The strength and direction of the relationship
between loading energy (as predictor) and experimental pressure (response variable) was
R?=0.7794 and r=0.882. While extent of the relationship between loading energy and force at
practical extension was R?=0.8765 and r= 0.936. These R?-value and r values represents that
loading energy explains the experimental pressure about 77.94% and correlation value r= 0.936
(strong positive relationship). While the force at practical extension explains the loading energy
about 87.65%.
6.4. Unloading energy

Figure 12 reflected the relationship between unloading energy (UE), force at practical extension
(FL) and experimental pressure (Ps).

Comparison of unloading energy, experimental pressure and force at
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Figure 12. Unloading energy and force at practical extension compared to experimental
pressure
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It was replicated that unloading energy (UE) has a direct relationship with the experimental
pressure (Ps) which means as the unloading energy (UE) increases the compression pressure (Ps)
value increases. Simple linear regression analysis was also conducted to observe the strength of
the influence of the unloading energy (UE) to force at practical extension (R?-value =0.851 and
r= 0.922) and experimental pressure (R? -value =0.7582 and r=0.870) by measuring the
coefficient of the determination value and correlation. These values portray that unloading energy
(UE) explains experimental pressure about 75.82% and to force at practical extension 85.1%
simultaneously.
6.5.  Tensile linearity

Figure 13 comprised of the relationship between forces at practical extension, tensile linearity,
and experimental pressure. To understand their mutual dependency, linear regression analysis
was conducted to quantify it.

Comparison of tensile linearity, experimental pressure and force at
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Figure 13. Tensile linearity and force at practical extension compared to experimental pressure

Figure 13 portrays that the tensile linearity explains experimental pressure to 59.92% based on
the coefficient of the determination values (R? -value = 0.5992, r= 0.773). While it explains to
force at practical extension about 58.85% based on the coefficient of the determination values
(R?-value = 0.5885, r=0.7671).

6.6.  Statistical analysis between experimental pressure, modified models, and Laplace’s
law

6.6.1. Experimental pressure compared to Model 1 (T.Y.M) and Laplace’s law
Figure 14 represents the relationship between experimental pressure (predictor) compared to
model 1 (T.Y.M) and Laplace’s law (responses). This relationship was analyzed using the least-
squares estimation method which derives the regression equation by minimizing the sum of the
square of errors. Regression results help to identify the direction, size, and statistical significance
of the relationship between a predictors and responses. Regression equation provides ‘best’ fit
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line to examine how the response variable is changed by changing the predictor value as well as
to predict the value of the response variable for any predictor value.

Figure 14 represents the strength of the relationship between predictor; experimental pressure to
response variables; model 1 (T.Y.M) based on the coefficient of determination value notated as
R?-value = 0.9197). It means the newly transformed model; model 1 (T.Y.M) based on the theory
of true Young’s modulus explains 91.97% to experimental pressure results. In the regression
model, there are two coefficients; coefficient of predictor (slope =0.9949) and constant (y-
intercept = -0.137) defines the steepness of the line and the point at which the regression line
connects the response variable (y-axis). Greater the magnitude of the slope, the steeper the line
and the greater the rate of change.

7,0 Model 1 and Laplace's Vs experimental pressure
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Figure 14. Experimental pressure compared to model 1 (T.Y.M) and Laplace’s law

Figure 14 also shows that relationship between original Laplace’s law and experimental pressure
was analyzed using simple linear regression analysis. The extent of the relationship was measured
based on the coefficient of determination value (R?= 0.9319). In the regression model, there are
two coefficients; coefficient of predictor (slope =0.9216) and constant (y-intercept = -0.2296)
defines the steepness of the line and the point at which the regression line connects the response
variable (y-axis). Coefficient of determination values (R? -value) of newly transformed model;
model 1 (T.Y.M) is about 2% lower than original Laplace’s law when was compared to
experimental pressure.

6.6.2. Experimental pressure compared to Model 2 (E.Y.M) and Laplace’s law
Figure 15 portrays the relationship between predictors; experimental pressure compared to
response variables; Model 2 (E.Y.M) and Laplace’s law. The results based on the value of the
coefficients (slope and y-intercept) helped to calculate the coefficient of determination values.
Coefficient of determination values calculated between Laplace’s law and transformed model;
model 2 (E.Y.M) compared to experimental pressure was same (R? = 0.9319) except the slope
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and y-intercept values. R?-value represents that both Laplace’s law and transformed model 2
explains the 93.19% to experimental pressure results.
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Figure 15. Experimental pressure compared to model 2 (E.Y.M) and Laplace’s law

The calculated compression pressure measured using transformed model 2 and Laplace’s Law
are similar but in figure 15 for Laplace’s law, experimental pressure is considered on y-axis to
show the two different regression lines separately.

Table 7 portrays the statistical summary results of regression analysis between Model 1 (T.Y.M),
Model 2 (E.Y.M), Laplace’s law and experimental pressure based on coefficient of determination
values showing that newly modified model’s estimated results are very close to pressure predicted
using Laplace’s law.

Table 7. Regression analysis summary of experimental pressure results compared to modified
models and Laplace’s law

Experimental pressure Regression model Coefficient of
compared to modified Y=bX +a determination
models and Laplace’s law b; slope and a; y-intercept (R%-value)
Model 1 (T.Y.M) y =0.9949 (experimental pressure) - 0.137 R?=0.9197
Model 2 (E.Y.M) y = 1.0113(experimental pressure) + 0.5347 R?=0.9319
Laplace’s law y = 1.0113(experimental pressure) + 0.5347 R2=0.9319

6.7.  Comparison of existing models and experimental pressure

Table 8 is illustrating the measured values of experimental pressure (Ps) to be compared with
newly modified models; model 1 (T.Y.M) and model 2 (E.Y.M). Table 8 also comprised of
pressure results calculated considering existing models developed in the past. Most of these
models, based on the basic theory of Laplace’s law include; Hui’s model (equation 8), Ng’s model
(equation 9), Dubuis’s model (equation 11), Leung’s model (equation 12), Jariyapunya's model
(equation 13), Zhang’s model (equation 14), Teyeme's model (equation 15); and Laplace’s law
(equation 1) etc.

In this research, all existing models were compared to experimental pressure (Ps) results to
estimate their strength of accuracy. The measured results of all models are given in table 8.
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Table 8. Comparison of theoretical and experimental pressure values

L z
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Q|33 | JI3 | I~ | I~ < o Vv | Dy | DU | U5 | =0
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Al | 2.24 | 1,558 | 1.759 | 1.558 | 1.558 | 1.558 | 1.558 | 1.558 | 1.234 | 1.558 | 1.558
A2 24 1922 |2.079|1922 | 1922 |1.922|1.922 | 1.788 | 1.385 | 1.922 | 1.922
A3 | 3.07 | 2.970 | 3.300 | 2.970 | 2.970 | 2.970 | 2.970 | 2.376 | 1.426 | 2.970 | 2.970
Bl | 3.65 | 3.815 | 4.291 | 3.815 | 3.815 | 3.815 | 3.815 | 4.120 | 2.678 | 3.815 | 3.815
B2 | 3.75 | 2.694 | 3.062 | 2.694 | 2.694 | 2.693 | 2.694 | 2.694 | 1.998 | 2.694 | 2.694
B3 | 434 | 3.741 | 4208 | 3.741 | 3.741 | 3.741 | 3.741 | 4.040 | 2.761 | 3.741 | 3.741
Cl | 471 | 4.024 | 4434 | 4.024 | 4.024 | 4.025 | 4.024 | 4.346 | 2.934 | 4.024 | 4.024
C2 | 483 | 4491 | 5.132 | 4.491 | 4491 | 4.491 | 4.491 | 4.311 | 2.802 | 4.491 | 4.491
C3 | 529 | 4.699 | 5.255 | 4.699 | 4.699 | 4.699 | 4.699 | 4.887 | 2.973 | 4.699 | 4.699
C4 | 533 | 4149 | 4.610 | 4.149 | 4.149 | 4.148 | 4.149 | 4.149 | 3.077 | 4.149 | 4.149
C5 | 546 | 4.760 | 5.109 | 4.760 | 4.760 | 4.761 | 4.760 | 4.884 | 3.175 | 4.760 | 4.760
C6 | 6.26 | 5.742 | 6.380 | 5.742 | 5.742 | 5.742 | 5.742 | 5.742 | 3.493 | 5.742 | 5.742
C7 | 6.46 | 5.707 | 6.095 | 5.707 | 5.707 | 5.708 | 5.707 | 6.278 | 4.238 | 5.707 | 5.707

The relationship between existing models; Hui’s model (equation 8), Ng’s model (equation 9),
Dubuis’s model (equation 11), Leung’s model (equation 12), Jariyapunya's model (equation 13),
Zhang’s model (equation 14), Teyeme's model (equation 15), and as a predictors and
experimental pressure as (response variable) was analysed using linear regression analysis.
Regression analysis of all existing models is discussed below simultaneously.

Hui’s model; Figure 16 portrays the relationship between experimental pressure as predictor and
Hui’s model as a response variable. The strength of the relationship was quantified based on
coefficient of determination value (R? -value = 0.9319). This value portrays that experimental
pressure results explain 93.19% to Hui’s model (equation 8). Table 8 depicts that Hui’s model
(equation 8) exerts lower pressure than experimental pressure but similar values to Laplace’s law
and modified models; model 1. These results portray that Hui’s did not incorporate any new
parameter instead of just notational changes defining the Laplace’s law and conversion factor
that is just for transformation from wooden leg to human leg. Regression model parameters; y-
intercept is -0.2296 while slope is 0.9216 shows the line coinciding the point on y-axis and
steepness of the regression line.
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- Hui's model compared to experimental pressure
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Figure 16. Comparison of experimental pressure compared to Hui's model

Hui's model [kPa]

Ng’s Model (equation 9) was analysed for its efficacy to predict the compression pressure and
extent of dependency on experimental pressure results using linear regression analysis (figure
17). Using linear regression analysis, the coefficient of determination value (R?-value = 0.9318)
which means the experimental pressure results explain 93.18% to Ng’s model. Table 8 portrays
that Ng’s model exerts the same pressure like Hui’s model and Laplace’s law except a very small
difference in slope (0.9217) and y-intercept (0.2303) values. The additional parameters
introduced by Ng was the reduction ratio (Re) as a replacement of engineering strain.
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Figure 17. Comparison of experimental pressure compared to Ng's model

Dubuis’s model was used for the investigation that how much the experimental results explain
the Dubuis model based on the coefficient of determination (R?-value= 0.9223) This shows that
experimental pressure explains 92.23% to Dubuis’s model (figure 18). Table 8 portrays that
Dubuis’s model pressure results are lower than experimental pressure. In his model (equation
11), it was introduced the concept of stiffness (Stiff) and engineering strain (¢) to predict the
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compression pressure incorporated to Laplace’s law claiming the modification of Laplace’s law
but the extent the results of (R2-value) was less than Hui’s model, Ng’s model Laplace’s law. The

regression model parameters measured using least square method were y-intercept and slope
exhibit the values -0.6153 and 1.0239 respectively.

7.0 Dubuis's model compared to experimental pressure
(%4
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Figure 18. Comparison of experimental pressure compared to Dubuis's model

Dubuis's model [kPa]

Leung’s Model; Figure 19 shows the statistical relationship between experimental compression
pressure results and Leung’s model (equation 12). The extent of relationship was quantified by
measuring the coefficient of determination value (R?=0.9187).

45 Leung's model compared to experimental pressure
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Figure 19. Comparison of experimental pressure compared to Leung's model

Leung's model [kPa]

This value represents 91.87% significance between experimental pressure and Leung’s model.
Leung’s model (equation 12) defined the tension (T) mentioned in Laplace’s law (P=T/r) as T =
F/¢,(1 + €) introduced the parameters additionally to predict the compression pressure. The
coefficient of determination values measured using regression model is also lower than newly
modified models; model 1 (R?-value =0.9319) and model 2 (R2-value =0.9319) as well as existing
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modes; Huis model (R?-value =0.9319), Ng’s model (R?-value =0.9318), Dubuis’s model (R?-
value =0.9223).
Zhang’s Model; Figure 20 represents the strength of the relationship between experimental
pressure (predictor) and Zhang’s model (response variable).
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Figure 20. Comparison of experimental pressure compared to Zhang's model

The strength of the relationship was calculated based on coefficient of determination values (R?
= 0.9319). This value portrays that experimental pressure explains 93.19% to Zhang’s model.
The regression parameters; y-intercept (-0.2296) and slope (0.9216) of Zhang’s model exhibit
similar value to Hui’s model.
Teyeme's model was compared with experimental pressure based on coefficient of determination
values (R%value= 0.9319) using linear regression analysis. This shows that experimental
pressure explains 93.19% to Teyeme's model results (figure 21).
70 Teyeme's model compared to experimental
6.0 pressure
§ 5.0 Y = 09216x - 0,2296
S 4.0 R?=0,9319
=}

23,0
© 20
21,0
= 0,0
0,0 1,0 2,0 3,0 4,0 5,0 6,0 7,0
Experimental pressure [kPa]
® Teyeme's model [kPa]
Figure 21. Comparison of experimental pressure compared to Teyeme's model

Table 8 portrays that Teyeme's model results of pressure are lower than experimental pressure
but like Laplace’s law. In his model (equation 15), he considered that hooks law (F=-kX) is
obeyed when socks are circumferentially stretched without considering the axial deformation.
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Jariyapunya's model; figure 22 represents the coefficient of determination value (R2-value=
0.9319), y-intercept (-0.2296), and slope (0.9216) values determined by comparing the
experimental pressure with Jariyapunya's model. R?-value measured using Jariyapunya's model
shows the results are similar to Laplace’s law, Hui’s model, Ng’s model, Dubuis’s model,
Zhang’s model, Teyeme's model exhibiting small variation in R?-value mentioned in figures
16,17,18, 20 and 21 simultaneously.
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Figure 22. Comparison of experimental pressure compared to Jariyapunya's model

Table 9. Regression analysis summary of experimental pressure results compared to existing
models

Experimental pressure Regression model; Y=bX + a Coefficient of

compared to existing b; slope, a; y-intercept and X; experimental determination
models pressure (R?- value)
Hui’s model y = 0.9216(experimental pressure) - 0.2296 R2=10.9319
Ng’s model y = 0.9217(experimental pressure) - 0.2303 R2=0.9318
Dubuis’s model y = 1.0239(experimental pressure) - 0.6153 R2=0.9223
Leung’s model y = 0.6254(experimental pressure) - 0.1513 R2=0.9187
Zhang’s model y = 0.9216(experimental pressure) - 0.2296 R2=0.9719
Teyeme’s model y = 0.9216(experimental pressure) - 0.2296 R?=0.9719
Jariyapunya' s model y = 0.9216(experimental pressure) - 0.2296 R?=0.9319

6.8. Comparison of developed models and Laplace’s law
In this scientific research, modified models; model 1 (T.Y.M) and model 2 (E.Y.M) were
compared with the basic Laplace’s law statistically to verify their mutual authenticity,
significance or compatibility using simple linear regression analysis tool

Figure 23 portrays the relationship between Laplace’s law as predictor and developed models;
Model 1 (T.Y.M) and Model 2 (E.Y.M) as response variables. The strength of the relationship
was measured based on coefficient of the determination value (R®-value). Coefficient of the
determination value between Laplace’s law and Model 1 (T.Y.M) was 0.9952 while between
Laplace’s law and Model 2 (E.Y.M) was equal to 1. These values; R?= 0.9952 and R? =1 shows
that Laplace’s law explained Model 1 (T.Y.M) to 99.52 % while to Model 2 (E.Y.M) 100%. The
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results proved that modified models have well approximation to original Laplace’s law. The
regression models (figure 23) are comprised of two main parameters; y-intercept (a) = 0.0932
(line coincides with y-axis) and the slope, b=1.0842 value (coefficient of predictor) of Model 1
(T.Y.M) and y-intercept (a) = 0.0 (line coincides to origin) and the slope, b=1 value (coefficient
of predictor) of Model 2 (E.Y.M). Here the slope represents the steepness of the line.
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6,0 law
y = 1.0842x + 0.0932

R2 =0.9952
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Figure 24. Comparison of developed models and Laplace’s law

The summary results of the simple linear regression analysis between Laplace’s law and newly
developed models are given in table 10.
Table 10. Regression analysis summary between Laplace’s law and modified models

Laplace’s law Regression model; Y=DbX + a Coefficient of
compared to b; slope, a; y-intercept and X; Laplace’s law determination
Newly developed pressure (R?- value)
models
Model 1 (T.Y.M) y = 1.0842 (Laplace’s law pressure) + 0.0932 R?=0.9952
Model 2 (E.Y.M) y = Laplace’s law pressure Rz=1

7. Conclusions
In this scientific research work, it was concluded that;

Tensile properties of compression socks are of great importance to describe the engineering of
compression socks. Many of these directly relate to present the intensity of exertion of
compression pressure especially Hysteresis, loading energy, unloading energy, and tensile
linearity.

Force at practical extension (FL) values context to the circumferential difference between the
socks and leg at the ankle portion have a strong relationship with the values of the experimental
pressure (Ps). Tensile indices especially; hysteresis (H), loading energy (LE), unloading energy
(UE), tensile linearity combined with the force at practical extension (F.) portrayed a significant
relationship to experimental pressure.
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Two new mathematical models were developed by introducing the missing parameters ever
introduced or incorporated for the prediction of compression pressure. These introduced
parameters are true stress/true strain and true modulus along with the deformed width of ankle
cut-strips considering the modelization technique.

Both of newly developed were statistically compared with the experimental pressure and existing
models.

Developed models; model 1 (T.Y.M) and model 2 (E.Y.M) along with Laplace’s law were
compared with experimental pressure (Ps). Model 1 (T.Y.M) exhibits a slight less
strength when compared to Laplace’s law. While the model 2 (E.Y.M) exhibits the similar
strength of the relationship with Laplace’s law when was compared with experimental
pressure.

Existing models were also compared to experimental pressure and found that Hui’s
model, Ng’s model, Jariyapunya’s model, Laplace’s law, and Model 2 (E.Y.M) portrays
the similar extent of the relationship exhibiting the different regression parameters (y-
intercept and slope) values. From the existing models; Dubuis’s model portrays the
strength higher than model 1 (T.Y.M) and slightly lower than model 2 (E.Y.M). While
Leung’s model exhibits the strength lower than both modified models. Statistical analysis
between existing models and developed models also portrays that Zhang’s model and
Teyeme’s models exhibit the higher strength of the relationship than both modified
models.

Developed models were also statistically compared with the Laplace’s law to quantify their
mutual strength of significant.

The strength of the relationship between modified models and basic Laplace’s law was
also quantified based on the coefficient of the determination values (R?-value). Both of
modified models; model 1 (T.Y.M) and model 2 (E.Y.M) have well explained the
Laplace’s law model exhibiting the highest value of the coefficient of the determination
values; R?-value =0.9952 and R?-value =1 respectively. Conclusively, developed models
predicts almost the same pressure results as Laplace’s works.

8. Future work

In the future work tensile indices values (hysteresis, loading energy, unloading energy and
tensile linearity) can be incorporated to predictor mathematical models based on the theory of
Laplace’s law.

As a future work, the cylindrical coordinate system should be used to develop mathematical
models for the prediction of compression pressure.
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Recommendation of Supervisor

Supervisor's opinion on Ph.D. thesis of Mr. Hafiz Faisal Siddique, M.Sc.

His Ph.D. thesis is entitled " Tensile Characterization of Compression Sock’s Ankle Cut-Strips

and Development of Models to Approximate Laplace’s Law ".

This dissertation is focused to analyze the engineering of commercially available compression
socks and their therapeutic interaction to wooden leg. Therapeutic interaction was subscribed
by analyzing the mechanism of exertion of interface pressure on the face of the leg. To analyze
the mechanism of working, ankle cut strips were detached from the ankle position and tested
for the tensile characterization. Tensile characteristic especially hysteresis, loading energy,
unloading, tensile linearity and force at practical extension were compared to experimental
pressure to estimate their level of significance. This research highlighted the appropriate
missing parameters that can be incorporated in mathematical models for precise estimation of
compression pressure. Latterly, using modelization technique, two developed models based on
theory of true Young’s modulus and engineering Young’s modulus compared to Laplace’s law,
existing developed mathematical models and experimentally measured pressure results.
Developed models can be used to estimate the interface pressure for any part of static object

using elastic compression garments.

He used 13 socks samples of different brands belonging to three different compression class
levels (compression class 1, IT and III). All socks sample were precisely analyzed for their
physical, structural and tensile characteristics under controlled environmental conditions.
Detachment of circular cut trips at ankle part was done by wearing on standard wooden leg and
marked according to engrave grooved line. The experimental part of this dissertation is unique
as very few studies exist in which the tensile characteristics are ever evaluated using uniaxial

tensile teste instead of Kawabata evaluation system.

During his Ph.D., he validated his skill to execute high-quality research, with motivation and

hard work. Naturally, he needed guidance, but once the goal was set, he performed very well

Ing. Adnan Ahmed Mazari, Ph.D. | Assistant Professor | +420 48535 3677 | adnan.ahed. mazari@tul.cz 112
Technical University of Liberec | Faculty of Textile Engineering | Department of Clothing
Studentska 1402/2, 461 17 Liberec 1, Czech Republic | www.ft.tul.cz
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to reach goal. It is very pleasant for me to see him working on a high level of research that is
valuable for venous ulcer patient’s and compression garments manufacturers. During his
research work period, he has been very punctual, discipline and followed the given instructions.
He participated in all events (Ph.D. student days, conferences and SGS programs) organized

by the department and FT, TUL.

He has published 17 articles in highly impact factor journal, of which he is the first author in
12 articles. All published articles reflect the orientation related to his Ph.D. work. He completed
part of his experimental work at Variteks Orthopedics and RMIT, Australia, where his co-
supervisors were Okan Oztiirkatalay (CEO of Variteks orthopedics) and Prof. Dr. Lijing Wang.
With 4 years of industrial experience at the medical compression socks company, he utilized

his skills perfectly for his research work at university.

Consequently, T strongly recommend Mr. hafiz Faisal Siddique's thesis to be accepted for

defense.

/\4.3.20 22

Ing. Adnan Ahmed Mazari, PhD.

Supervisor

Ing. Adnan Ahmed Mazari, Ph.D. | Assistant Professor | +420 48535 3677 | adnan.ahed. mazari@tul.cz 2/2
Technical University of Liberec | Faculty of Textile Engineering | Department of Clothing
Studentska 1402/2, 461 17 Liberec 1, Czech Republic | www.ft.tul.cz
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Reviews of the Opponents

TECHNISCHE
UNIVERSITAT
DRESDEN

Fakultét Maschinenwesen Institut fir Textilmaschinen und Textile Hochleistungswerkstofftechnik
Institutsdirektor: Univ.-Prof. Dr.-ing. habil. Dipl.-Wirt. Ing. Chokri Cherif

Technische Universitat Dresden, Institut far Textilmaschinen
und Textile Hochleistungswerkstofftechnik, 01062 Dresden ‘

Univ.-Prof. Dr.-Ing. habil.

Yordan Kyosev

Inhaber der Professur flr Entwicklung
und Montage von textilen Produkten

Telefon: 0351 463-39313
Telefax: 0351 463-39301
E-Mail: yordan.kyosev@tu-dresden.de

Dresden, 13.09.2023

Review to the thesis of Hafiz Faisal Siddique, M.Sc., entitled “Tensile
Characterization of Compression Sock’s Ankle Cut-strips and Development of Models to
Approximate the Laplace’s Law”

Dear Ladies and Gentlemen,

The dissertation of Mr. Hafiz Faisal Siddique is dedicated to creation and
improvement of model for computations of medical compression socks.

It is written on 55 pages of text, distributed in 8 chapters. The literature research
covers 90 sources of international journals.

The dissertation is mainly devoted to the two different and unique areas of
medical class | compression garments (according to MDR), especially to varicose
compression stockings useful for the mitigation of venous ulcer and to regulate
or streamline the blood flow from lower extremity to upper extremities.

The literature shows that only a few studies exists in which the tensile properties
using uniaxial tensile testers is used for the measurement of the tensile indices
values of the compression socks rather than biaxial tensile testers. In this
dissertation, the tensile properties, especially loading energy, unloading energy,
hysteresis, tensile linearity are compared, to force at practical extension and
compression pressure statistically using linear regression analysis which is not
done before.

The applicant demonstrate understanding of the basic scientific laws of physics

Postadresse (Briefe) Steuernummer Bankverbindung Mitglied von:
TU Dresden, Institut fur Textilmaschinen und Textile (Inland) Commerzbank AG, Filiale Dresden ﬂ
Hochleistungswerkstofftechnik, 01062 Dresden 203/149/02549 IBAN DES2 8504 0000 0800 4004 00 ‘
Postadresse (Pakete u.d.) Umsatzsteuer-1d-Nr. BIC COBADEFF850 \

TU Dresden, Institut fiir Textiimaschinen und Textile (Ausland; VAT) ﬂ
Hochl 8! kstofftechnik, DE 188 369 991 Internet DRESDEN
HelmholtzstraBe 10, 01069 Dresden http://tu-dresden.de/mw/itm m":'-‘:"_l::
Besucheradresse Wissenschalt

Keln Zugang fir elektronisch signierte sowle
verschliisseite elektronische Dokumente.
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and was able to reproduce the derivation of the Laplace’s Law based on analysis
of the forces and geometry. The elasticity behaviour of the fabrics is introduced
in the Laplace law. The main contribution are the large set of experiments and
the finally performed correlation analysis, which allows the introduction of a
correction coefficient 1.08 into the Laplace’s law. It remains unclear if the 8%
correction are based on the deviation of the material parameters, of the friction
or it indeed considers some additional nonlinearities in the contact between the
material and body, which are not considered in the idealized Laplace Law.

The material and methodological part is well explained and the author remained
concise and briefly described the sock’s physical and fabricated specifications. |
must add the missing of the functionality of sock’s knitting machine? and their
specifications including models; diameters and related data. The results and
discussion part is also written in a good way and all statistical tools are applied
and explained scientifically used to explain the significance between dependent
and independent parameters. Both parts of this dissertation are very interesting
and helpful for the commercial use.

The publication record of the applicant is as well very goo, he is first and
corresponding author of 11 journal papers in internationally recognized peer
review journals like Textile Research Journal, Autex Research Journal, Fibers and
Polymers, Fibers and Textiles, which confirms the value of his research.

I have few minor remarks and suggestions required to be answered by the
candidate:

Why the strips only selected at ankle?

Why these are only hand washed?

What kind of pressure devices exists and why you have chosen this? The
working principle of this device should be explained?

Will be a difference in the results if you use cylindrical coordinate system
for the prediction of the compression? This is usual for such kind of geometry.
And principally the derivative of the Laplace Law is provided in several books, it is
great, that you have succeed to document it, but | can not consider it as
contribution and you should provide citation.

Which therapeutic tool is more useful and helpful; bandage or varicose
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socks? and why?

What is the working life of compression socks? Can some of your
investigated parameters be used for its prediction?

Did you considered the hysteresis in the results?

Are the values of the pressure time dependent? From which parameters
of the material can be obtained the time dependence and how you can
investigate this?

| recommend the dissertation submitted by Hafiz Faisal Siddique M.Sc for the
dissertation defense and at the same time recommend to award him the PhD
degree if he succeed to answer my questions for satisfaction of the committee.

Best regards

Pref-67-Ing. habil. Yordan Kyosev
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Hafiz Faisal Siddique dissertation review

The present topic presents a complex analysis of the deformation of compression socks for
optimal radial pressure development. In the first part, the author conducted an experimental study
to measure the mechanical properties of selected commercial socks and in the second part, he
empirically modeled the compression pressure using Laplace's relation.

In the first part, the author reviewed the application of Laplace's law in biomedicine and further
introduced the basic mechanical aspects of compression socks and presented the necessary
mathematical relationships between the mechanical quantities. Here, the opponent pauses on
the connection of 'tensile linearity' as a quantity that is comfort dependent. The relationship to
linearity of what and the range of units is not clear. Such a delicate unit should be better explained
and substantiated. For example, similar to the description of 'hysteresis', which in contrast is quite
clear and clearly deserved a coarser description.

In the experimental section, the author carried out a number of experiments to analyse the textile
properties of the socks and then delved into tensile tests. The author considered a number of
load/unload cycles, but it is not clear how he chose them and why, for example, he took data from
the 5th cycle. It is also not clear what the diagram in Figure 10 is ultimately for. Was this data
used in the next part of the paper?

Itis not clear how the author intends to use regression modeling as a tool to analyze the statistical
properties of the data he obtained from the experiments. From this perspective, the statistical
analysis is very grossly underestimated.

What is the point of relating hysteresis and radial pressure and force? The experimental section
does not define the strategy and significance of each experiment relative to the previous sections
of the paper. Figure 17 rather suggests that the relationship between pressure and tensile
linearity is non-linear. Why was a linear curve used as an approximation? It is surprising that the
determination ability of the newly developed TYM model is worse than that of the original model.
Why is this so? The referee appreciates that the author compared other models from the literature.

The results show that the accuracies of the proposed models are at a similar level to Laplace's
model and other models in the literature. In the discussion of the thesis, the author does not
mention the reasons why his models are at the same level as the others. For example, the author
does not qualitatively discuss the proposed models that he composed by comparing the forces
calculated from the radial progression with the forces from Hooke's definition. Although this is
formally permissible, the opponent is not clear about the validity of such an approach. The
conclusion of the paper also lacks a deeper comparison with other models. For example, why
were the other variables not automatically considered already in the proposed models?

Overall, the thesis appears coherent. In particular, the review part of the thesis is well outlined
and the author has thus prepared a very good springboard for his own scientific work. However,
from the opponent's point of view, the author's own scientific approach is disjointed. In particular,
because the mathematical models are set up vaguely without deeper justification. In the
experimental part, many results are combined with regression analysis but without direct
connection to the analytical models. From a scientific point of view, the work looks inconsistent
with insufficient description. The statistical treatment and conclusion of the thesis are
inadequately addressed. Despite the obvious shortcomings, the referee still believes that the
author should be awarded the academic degree of Ph.D.

Petr Henys
14 A4 20¢5,
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