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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 (wr), true stress (or)/ logarithmic strain (er)/true modulus
(ET). 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 (wr). 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 radialniho tlaku,
pfimo spojeného s jejich pracovnim vykonem a zivotnosti. Tyto vlastnosti jsou nasazovany pomoci
raznych druhi materiald a strojnich uprav. V této védecko-vyzkumné praci byly komercné
zakoupeny a natfezany vzorky ponozek, aby se vyhodnotily jejich fyzikalni, strukturélni a tahové
vlastnosti a teorie vyvijeni kompresniho tlaku. Soucasna vyzkumna prace se tedy sklada ze dvou
gasti. Cast 1 predstavuje védeckou charakteristiku tahu prouzku ponozky tazeného k analyze, silu
pii 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 ukazaly, ze
hodnota sily pii praktickém prodlouzeni (FL) ma 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? = stiedni aZ siln) pro silu pii praktickém a experimentalnim tlaku. Cast 2
se sklada z teoretického zkoumani kompresniho tlaku pomoci techniky modelovani a transformace
Laplaceova zakona. Tato technika pomohla prozkoumat nekteré neznamé parametry, zejména
deformovanou Sitku (wr), skutecné napéti (or) / logaritmickou deformaci (et) / skute¢ny modul (Er).
Pomoci téchto neznamych parametrti byl Laplacetiv zakon pfeménén na dva nové matematické
modely. Model 1 (T.Y.M) je zalozen na skute¢ném Youngoveé modulu a Model 2 (E.Y.M) je zalozen
na inzenyrském Youngové modulu a deformované Sifce (wr). Kromé toho vysledky odhalily, ze
transformované modely model 1 a model 2 a zakladni Laplacetiv zakon se dobie piiblizuji
experimentalnimu tlaku (Ps). Stavajici modely byly také porovnany s experimentalnim tlakem za
ucelem analyzy jejich Gcinnosti. Nové transformované modely byly také statisticky porovnany s
ptvodnim Laplaceovym zakonem a ukazalo se, ze nové vyvinuté modely maji silnou vyznamnou

aproximaci k zakladnimu Laplaceovu zékonu.

Klicova slova: Charakterizace tahu, kotnikové strihy, modelacni technika, transformované

Laplaceovy zdkony, experimentalni tlak, priblizeni k Laplaceovu zdkonu
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Original cross-sectional area [mm?]
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Degree angle
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1. Introduction

Compression socks are a highly acclaimed textile garment for the pressure exertion on the lower
part of the leg. It is used for the prophylaxis and treatment of venous disorders in the human lower
extremities. Venous diseases range from minor asymptomatic incompetence of venous valves to
chronic venous leg ulceration. To reduce and get rid of venous hyper-pressure, a technique of
compression therapy is recommended [1]. Leg ulcers affect 1% of the population of developed
countries and imparts significantly negative impact to the quality of life. According to the
estimation of UK Healthcare Commision , leg ulcer care costs the NHS (National Health services)
about £300-600 million annually. Insufficient or non-sustained compression therapy will be less

effective than sufficient and sustained compression due to an impaired hemodynamic effect [2]

1.1. Compression pressure mechanism

Mechanism of action is the lowering of pressure exertion from the ankle to the calf portion of the
leg as shown in figure 1. The pressure gradient propels blood flows upward toward the heart
instead of refluxing downward to the foot or laterally into the superficial veins. The application
of adequate graduated compression reduces the diameter of major veins, which increases the

velocity and volume of blood flow as revealed in figure 2. [3].
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Figure 1. Mechanism of action of Figure 2. Comparison of reversible and

compression socks [4] irreversible blood flow [4]



1.2. Standard used for evaluation of compression socks

Various standards especially; British standard BS 6612:1985 [5], French standard ASQUAL [6],
and German standard RAL-GZ 387/1:2000 [7] had been developed by different authorities in

countries to describe the procedural requisites to evaluate and analyze the compression socks [8].

1.3.  Classification of compression socks

Accoring to the European Committee for Standardization (CEN) and RAL-387/1:2000 [7],
compression socks were classified to class I (2.4-2.8 kPa), class II (3.1-4.3 kPa), class III (4.5-
6.1 kPa), and class IV (above 6.5 kPa). Class level also portrays the instensity of compression
pressure at ankle (B portion). The extent of pressure (class level required) can be decided and
recommended depending on the type and intensity of the disease. It includes to treat circulatory

and vascular medical conditions as well as tired, sore, swollen, or aching legs [9],[10],[11],[12].

1.4.  Principle of compression therapy

Medical compression socks with the gradual increase in compression pressure from distal to
proximal regions are usually 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. The compressive effect can reduce the
diameter of veins by positioning valves and forcing the venous blood to return to the heart [13].
The second principle involves the application of Laplace’s law to create a varied interface
pressure based on limb shape as well as the tension of the stocking applied. This law is used to

evaluate the compression pressure in static conditions [14].

1.5. Theory of Laplace’s law

Using Laplace’s formula, it is evident that the operative pressure should be greatest at the point
of minimum girth area/radius and have the slightest pressure at the point of maximum girth
area/radius. Thus, when compression socks are applied, the frontal feature of the leg encounters
the highest amount of pressure while the lateral and medial sides of the leg receive the least

compression pressure. Apart from the position of the leg, the circumference (thin or thick) of the



leg also needs optimum or lower pressure on cutaneous and subcutaneous skin layers which
satisfies Laplace’s law [15].

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 [11],[16],[17]. The equation can be expressed as
P=— 1
- ™

where; P denotes pressure [Pa], T is the tension in the cylinder wall [N/m] and r is the radius of

the cylinder [m].

This law is now widely used to explain and assess the pressure delivered to a limb of a known

radius by a fabric under known tension..

1.6. How does Laplace’s law work?

The law of Laplace explains the basic physiologic mechanisms involved in compression therapy.
Figure 3 and equation 1 define that at constant tension and increasing radius (r2) being inversely
proportional to the curvature of the wooden leg (flat curve) cause lowering of interface pressure
(P1). While lower radius (r1) causes the higher value of the curvature cause the increase in
interface pressure. It is well proven that sock’s pressure can be calculated by analyzing the tensile
behavior (modulus of elasticity). Higher the elasticity modulus, the lower will be the degree of
extensibility. So modulus of elasticity and reduction percentage are main predictors of

compression pressure [18].

Interface pressure (P1) Interface pressure (P2)
P1
wooden leg radius (r1)
ri

Sock's linear wooden leg radius (r2)

cut-strip of

specific width

T T T T
Tension (T
Pressure (P) = p

radius (r)

Figure 3. Theory of Laplace’s law and mechanism of working



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 to transform basic
Laplace’s law by incorporating some new parameters. The main objectives of the current research

are tabulated as follows;
Tensile characterization of compression sock’s ankle cut-strips

e Force at practical extension compared to experimental pressure

e Comparison of hysteresis, force at practical extension and experimental pressure

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

e 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 (wy);
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

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



3.

a)

b)

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) has measured. Literaturely, a few studies
exist in which tensile indices were relate to experimental pressure using Kawabata
evaluation system (biaxial extension) [19],[20], [21], [22], [23], [24] 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) [25-34] and
mathematical approaches by approximating/modifying the basic Laplace’s law [35—49].
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 [35]. Equation of Laplace’s law was applied on
various objects; wooden legs [7], [19], [36-39], PVC cylinder [9], [40-42], biological
vessels [43], wooden leg wrapped with neoprene fabric simulating the human skin
morphology and then installed the socks [29], leg mannequin of varying anatomy of the
leg and together on human leg as well wooden leg [12] ,[19],[44],[45],[47-49], 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 [11]. 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 [43],[46]. 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.
[19]. 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, it was 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 (or),
true/logarithm strain (er), true modulus (Et), engineering stress (og)/ strain (eg) /
engineering modulus (Eg) and deformed width (wyf). 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 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. Literature Review

4.1. Tensile characterization of compression socks

Compression garments are made of elastic materials hybridized with a combination of elastic and
non-elastic materials. Extensibility and elastic recovery of compression garments are the most
important operational characteristics because of which they can exert continuous pressure on the
human body. During the wearing of compression garments, the hysteresis of fabric and dynamic
elastic properties are also of great significance and affect the intensity and durability of
compression stockings [50]. It is observed that there exist different modalities to be considered
for the mechanical characterization of compression socks. It includes mainly elasticity, stiffness,
hysteresis, pressure level, pressure delivery mode, materials, and fabrication technology
[511,[52],[53].

The quality of compression capacity of socks depends on the characteristics of the materials used
in manufacturing. All the materials for medical compression therapy have three major
characteristics: 1) elasticity; ability of the material to return to the original shape and size after
stretching; ii) stiffness or elasticity coefficient; the increase in pressure after a certain given
elongation. Here the stiffness depends on elasticity in static conditions; iii) hysteresis; the
intuitive resistance of material as a result of internal friction hysteresis, that can be envisioned in

a force/elongation curve. [54].

4.2. Modalities for tensile characterization

Three main characteristics comprehensively explain compression pressure depending on the type
of pressure; static pressure or dynamic pressure. These three parameters are named; Elasticity,

stiffness, and hysteresis

4.2.1. Elasticity
In elementary mechanics, the elasticity of spring is expressed by Hook’s law which explains that
the force necessary to stretch or compress a spring is proportional to how much it is stretched or
compressed. In continuous elastic materials, Hook’s law implies that stress is proportional to
strain. Some materials such as rubber do not obey Hook’s law except under very small
deformation. Elasticity is the capacity of a material to return to its original shape when applied

stretch or elongation is removed. The principle involved behind it can be explained by Hook’s



Law (F=-k.x) where F (tensile force) is proportional to extension. Due to the presence of internal
friction or plasticity, Hook’s law is not obeyed and hysteresis (H) occurs when tensile loading is
removed [53]. Liu ef al. (2009) mentioned that the compression stockings of different elasticity
(stretch) produced different skin pressure gradient (slopes) distribution, which significantly
influenced the patient’s venous hemodynamics (e.g., capillary filtration rate) [55]. Lim and
Davies (2014) mentioned that the overall pressure is affected by the factors such as the elasticity
and stiffness of stocking material, the size and shape of the wearer’s legs, and the movements
and activities of the wearer [56]. The proportion of stretch and force, which corresponds to the
steepness of the so-called slope in the hysteresis curve, reflects the elasticity of the material of

the stocking [57].

Rodica et al. (2010) studied the tensile and rheological features of compression socks by
introducing Grab test method using Mesdan Tensolab. She proposed the Grab test method
claiming as a real simulator for the durability assessment of compression socks. She concluded
that the proposed testing method can be used to assess the graduated compression socks by
measuring the deformation resulting in traction tests in three directions under two different levels.

[58].

Wang et al. (2014) [59] and Lyle (1977) [60] studied dynamic pressure reduction of elastic fabric
using a hemisphere-based pressure measuring device. Hemisphere pressure measuring devices
sense static and dynamic pressure at predetermined press depths, velocities, and fixed test cycles
imparting deformation. Thus, deformation produces pressure on the surface of the hemisphere. It
was concluded that plain fabrics have higher dynamic pressure at all the extensions (10-40 %)

that is reduced due to repeated extension (10-40 %) and recovery.

Liu et al. (2018) The stress-strain curves under the three cycles of loading were recorded to
represent interactive relationships between tensile forces in Newtons and elongations (strain) of
the tested specimens in percentage. The elastic moduli of the specimens were automatically
recorded by the Instron testing system. The overall tension—stretch performances of the socks
shells in horizontal (circumference) directions were determined, which dominate encircling

pressures around the lower limbs [36].



Maklewska et al. (2006) [38], the values of force and relative elongation related to them were
measured during the relaxation period of the fifth cycle (5™) hysteresis loop for theoretical

measurement of compression pressure (see equation 12).

Hui and Ng (2003) [61] theoretically analyzed the tension decay and pressure decay relating to
the influence of spandex feeding rate and the fabric structure of the elastic fabric. The stress
relaxation phenomenon was first observed by Ng [61], they found that all samples had relaxed
their stress significantly, and the degree of stress-relaxation would also increase over time that a

sample was under stretching.

Wang et al. (2011) [62] studied the elasticity and bursting strength of compression socks. Tensile
properties of socks were measured in both wale and course directions. After fatigue stretching,
the average immediate recovery of compression fabric is more than 95% and the average elastic
recovery after an extended period of relaxation (1- 24 hours) is at least 98%. After 3 weeks of
service and a few hours of relaxation, the compression fabric has only around 2% un-recovered

elongation.

4.2.2. Stiffness
Partsch (2005) mentioned that The European pre-standard for compression hosiery (CEN) defines
‘stiffness’ as the pressure increase (in mmHg) per centimeter of circumference increase of the
leg. This parameter is usually measured in the laboratory, but can also be assessed in the
individual subject [63]. Stolk et al. (2004) have described a method to calculate a ‘dynamic
stiffness index’ while walking [64]. Hirai et al. (2010) evaluated the reliability of a newly
developed stiffness determining device by comparing the values with those obtained employing
the Hohenstein method. They also introduced the concept of static stiffness and dynamic stiffness.
The former is determined mainly based on laboratory testing using the Hohenstein method, while
the latter is mainly measured by alterations in interface pressure during posture changes and
exercise [65]. The dynamic stiffness index, like the stiffness index, is expressed in mmHg/cm.

[53], [54], [64], [65], [66], [67], [68][69].

Partsch et al. (2007) [57] compared the interface pressure and stiffness properties of compression
socks. They used sliced cut-strips and tested for stretch-tension curves using a Zwick
dynamometer. In vitro method, static stiffness was calculated from the slope of the

stretch/extension curve. It was concluded that interface pressure values are comparable with the



values calculated from the force/extension curves obtained using a dynamometer. Conclusion

portrayed that correlation was highly significant between stiffness and compression pressure.

4.2.3. Hysteresis

Neumann (2013) mentioned that hysteresis is inborn resistance of material as a result of internal
friction that can be visualized in the load-extension curve as shown in figure 4. By changing the
speed of testing the angle toward the x-axis will move so the hysteresis is influenced by the speed
of the movement. He mentioned that hysteresis is the most important parameter described by the
difference between static pressure and dynamic pressure and researcher consider dynamic

pressure rather than static pressure [54].

Wang et al. (2013) mentioned that apart from elasticity and recovery, the elastic fabric also shows
a phenomenon of hysteresis, which is the stress relaxation of an elastic fabric after it has been
subjected to repeated stretching and recovery. the elastic fabric has a characteristic of hysteresis

which contributes to the pressure decay during wearing [59].

Ancutiene et. al (2017) investigated the tensile properties using the KES-F system [70]. The
graphical representations of the stretch and recovery results portray the various mechanical
properties of compression sock strips, directly and indirectly, influencing their pressure
performance and long-lasting properties. The calculated tensile properties and definitions
detained from the force-extension diagram are; loading energy [mJ], unloading energy [mlJ],

hysteresis, tensile linearity, and tensile practical stretch percentage [%], as shown in figure 4.

The property of hysteresis (H) could be a useful parameter to evaluate the viscoelastic properties
of compression socks cut-strips. To obtain the areas bordered by the tensile and resilience curves,
the trapezoidal rule was a simple and operative quadrature rule. The approximation of the definite
integrals is referred to as the numerical integration or quadrature. According to the trapezoid rule,
the partial sum of individual trapezoid areas could quantitatively present the hysteresis (H) when

the fabric is stretched under a certain tensile loading as shown in figure 4.

Where H is the approximate area encircled by two load curves, yl; is the tensile curve (load

increasing), and y2; is the resilience curve (load decreasing) [19].
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The graphical representations (figure 4) of the stretch (1* cycle) and recovery (5™ cycle) results

portray the various mechanical properties of compression sock strips.
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Figure 4. Load-extension curve [19]

The mathematical analysis was defined in the following way using equation 2.

n—1
e Z VL —y2i) + (Y1iv1 — Y2i41)

> (i1 =) )

1=1
Loading energy

Tensile energy (W) is defined as the energy required for extending the fabric which reflects the
ability of the fabric to withstand external stress during extension. The larger value of W associates
a better tensile strength of the fabric [71]. It can also be defined as the area beneath the load-
elongation curve [72], [73]. It can also be defined as ‘The work done in stretching the fabric up
to maximum deformation (am) is stored as potential energy or elastic strain energy [20]. Tensile
energy was measured by plotting a pair of tensile force extension and recovery curves between
zero and a maximum force as shown in figure 4. The tensile energy W can be quantitatively

estimated by equation 3.

W:f F(x).d(x) 3)
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where; X is the displacement of the fabric stretched; F(x) is the tensile force needed in response

to the stretched displacement [19].

Unloading energy

If the fabric undergoes a cycling loading process, the fabric is first stretched from zero stress to
a maximum and the stress is fully released, then an unloading process follows the loading process.
With the decreasing of the stretch loading, the return curve formed reflects the tensile resilience

energy W' of the fabrics [19], which can be calculated by equation 4.
X
A :f F(x)'.d(x) (4)
0

Tensile linearity
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 concluded as below

2.W

TL =
Fp-am

(5)

where; F, is the force at maximum deformation, a,, is maximum displacement, W is area under

the loading curve [19]

Practical stretch and reduction ratio
It 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 7 and equation 8. [7]

Lc - Sc
Sc
Lc B Sc
Lc

Stretch ratio (S,) =

(6)

Reduction ratio (R,) =

(7)
where; L is leg circumference, S is socks circumference

Liu et al. (2006) and Liu et al. (2018) evaluated the quantitative relationships between pressure
and mechanical properties of stockings using the KAWABATA standard evaluation system

(KES-FB). The results showed that compression stockings exhibiting different pressure is due to
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significant differences in tensile, shear and bending properties (p value <0.001). In his both of
researches, it was concluded that all these mechanical indices (W-tensile energy, EM-tensile
strain, G-shear stiffness, and B-bending rigidity) significantly correlate with experimental
compression pressure measured at the ankle and calf portion. It was statistically analyzed using

multiple as well as logarithm regression equations [20],[22],[23].

Rong Liu et al. (2005) studied mechanical (tensile, bending, and shearing) and surface properties
of different socks samples exhibiting varying physical properties using Kawabata Standard
Evaluation System. They concluded that; Tensile indices like (W, W") contributed strongly and
revealed a strong co-relationship with compression pressure While, shearing (G, 2HG), bending
(B) and weight (g/m?) properties demonstrated medium but positive linear correlations with skin

pressure gradient distribution [23].

Yamada and Matsuo (2009) [74] studied that stress-relaxation caused pressure degradation using
the biaxial KAWABATA evaluation system. Studies have shown that the change in clothing
pressure has been mainly based on its biaxial extension and stress-relaxation properties especially
the value of the Hysteresis. Conclusively, it was found that the tensile load-strain curve provided
much information to produce comfortable pressure garments. Also, the change in the curvature

of an air pack was sensitive to the predicted clothing pressure value [74].

Ito et al. (1995) [75] studied the effect of biaxial stretch on compression pressure and concluded

that it largely depended on its biaxial extension and stress relaxation properties.

Liu et al. (2013) designed 5 weft-knitted samples of varying tuck-miss-plain stitch combinations
and three cycles of tension were set up between zero extension and the specified cycle load at 44
N when placing the fabric loop on the clamps. Tension curves to explore further their mechanical
performance under tension includes; tensile energy (W), tensile resilience energy (W), tensile

linearity (TL), and hysteresis (H) [19].

4.3. Theoretical models developed and used for the prediction of pressure

As per the scientific literature review, it is observed that there exist the two most frequently used
methodologies and techniques for the prediction of compression pressure include; Numerical
modeling using the Finite element analysis technique (characterize the dynamic interaction

between compression socks and human leg by simulating tools) and mathematical modeling
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approach (characterize the static interaction between compression socks and solid leg/cylinder) by

approximating the Laplace’s law. [35-49]

In the European Committee for Standardization, pressure values of a compression garment are
calculated by Laplace’s law (equation 1), where the tensile force is measured under semi-static

conditions [35], [73], [76].

German quality assurance standard (RAL-GZ 387/1) for the compression hosiery proposed to
measure the static compression pressure based on the theory and principle of basic Laplace’s law
as shown in equation 8 [7]. This mathematical model is only applicable for specific kind of

compression pressure measuring device designed by Hohenstein institute.

o _20mF, ®
1 Ul

where; P,= Compression at measuring point 1 [kPa], F;= Tensional force at measuring point 1
[N/ecm], U= Leg circumference at measuring point 1 [cm], U;= Stand for measuring points B to G

and for measuring clamps 1 to 20

Ng and Hui (2001) [12] and Halfaoui ez al. (2016) [47] 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

P:2T[8Eihi

. 9

where; E; is the modulus of elasticity [N/mm?], h; is the thickness of fabric [mm], C is the

circumference of cylindrical fabric [mm], € is engineering strain.

Ng and Hui (2001) [44] proposed objective method of to predict interfacial pressure induced by
compression garments on a particular curved surface of the human body as well as on the cylinder

by introducing the concept of reduction ratio to predict the compression pressure given below .

_ 2TREIt
Ctube (1 - Re)

where; El is the modulus of elasticity [N/mm?], R, is the reduction ratio, Cyyp. is the circumference

(10)

of the cylindrical tube and t is the thickness
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Most of the researchers concluded that Laplace’s law well explained the experimental pressure
when worn onto wooden legs except Macintyre et al. (2004) [11]. She concluded that Laplace’s
law predicted the pressures exerted by compression garments on a cylinder model with different
curvature radii and concluded that Laplace’s law significantly overestimated the compression

pressure in some cases [11].

6.283 T
P=—rr (11)

where; P denotes pressure [Pa], T is the tension in the cylinder wall [N/mm] and C is the

circumference of the cylinder [mm].

Maklewska et al. (2006) [38] designed and modeled warp fabrics used for compression therapy
based on the pre-set value of unit pressure. The procedure was based on the theory of basic
Laplace’s law and knitted fabric mechanical characteristics in the form of non-linear force
compared to relative elongation. Ultimately modifying the basic Laplace’s law to predict the
pressure values (equation 12). The test results of equation 12 on new manufactured stockings
indicated that there was a close affinity between estimated and measured pressure values. The
model is based on the theory of Laplace’s law without exhibiting any parametrical change.

_21TF
WG,

(12)

where; F = force [N] of strip, G;=circumference [cm] of model wooden leg, W = width [cm] of

cut-strip,P; = pressure exerted by the knitted fabric

Liu et al. (2018) measured the compression pressure experimentally on the wooden leg (in vitro)
and human female legs (in vivo) using the Pico press pressure measuring device and the theory of
Laplace’s law (theoretical model). In the vitro test, surface stiffness and radius of curvature of the
leg were maintained as identical while in the vivo test, mounted the panels with higher elastic
moduli (shorter stretch) at the anterior region and with lower elastic moduli (longer stretch) at the
posterior side of a leg as a condition I and mounted the panel with lower elastic moduli at the
anterior region and with higher elastic moduli at the posterior region as condition II. Conclusively,
condition II is more suitable for reshaping the pressure distribution. It was also concluded that the

traditional wooden leg model may cause the overestimation of pressure dosages [36].
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Liu et al. (2013) [77], Choi et al. (2010) [39], Bera et al. (2014) [9], Macintyre et al. [11], Cieslak
et al. (2007) [46] and Troynikov et al. (2010) [78] designed knitted fabrics stitched tubular shape
and applied to wooden leg for the experimental, measurement of compression pressure using
Salzmann MST MKIV pressure measure device. For theoretical measurement of compression

pressure basic equation of Laplace’s law was used as mentioned in equation 1.

Dubuis et. al. (2014) [49] studied the patient-specific FE model leg under elastic compression and
design a model to evaluate compression pressure. They established a theoretical model given

below

stiff €
P=
r

(13)
where; stiff is the stiffness of the sock [N/mm)], r is the curvature radius of the leg [mm], and ¢ is
the strain of the sock in the horizontal plane. The latter was derived knowing leg and sock

perimeters from the CT-scans.

Leung et. al (2010) [48] designed a new mathematical model (equation 14) for the prediction of
compression pressure based on the theory of Laplace’s law exerted by knitted fabrics (single layer
and laminated fabrics). To design their model, they incorporated body circumference, original
cross-sectional area, applied strain as a function of circumferential difference, and Young’s
modulus values. The correlation between Young’s modulus and elongation were determined by
analyzing the elongation behavior of samples. The results indicated that single-layer fabrics
created a 34.6% deviation from actual test results. Meanwhile, the laminated fabrics created a

2.89% deviation from the actual results.

p= 2mMEA; € (14)

£, (1+¢)C
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 is a function of the circumferential

difference between socks and leg.

Jartyapunya et al. (2018) developed knitted fabrics for the estimation of strain value. In this study,
stress-strain curve data after the 5" cycle were used for the theoretical prediction modified based

on the theory of basic Laplace’s law thin-wall cylindrical theory as given in equation 15 [40].
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2mogd

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

of the cylinder

Zhang’s et al. (2019) [42] used the concept of cylinder stress law with thin-walled assumption to
design mathematical models for the prediction of compression pressure where the pressure P;

exerted by part 1 can be expressed as follows below

D:E t
p=—o0 (16)

Tw.i

where; t 1s the thickness of cylinder, 1y, ; is the radius of part 1 of the cylinder while Ng; is the
circumferential stress Ng ; , E 1s the tensile modulus and is calculated by using the equation Ac/Ae

where o is the stress and € is the strain, D; 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. The tensile test data obtained
from Instron based on EN 14704-1 was incorporated into equation of Laplace’s law (equation 1).
Experimental pressure was measured by donning the stitched warp-knit fabric samples onto a PVC
tube using a Pico press pressure device. Conclusively, theoretical results obtained with this
modified Laplace’s law compared to experimental pressure value were sufficiently good for use
in compression garment design. Moreover, to verify the validity of the proposed model,

experimental and predicted data were compared and very low error values were found [41].

Ees2m

where; P is surface pressure, E is the modulus of elasticity, € is engineering strain and C is the

circumference of the leg and s is the thickness of the strip

5. Experimental Work

5.1. Procurement of compression socks

A total of 13 commercially available socks samples were purchased exhibiting three different
compression class levels (Class I, 2.40~2.80 kPa; class II, 3.06~ 4.27 kPa and class 1II, 4.53~
6.13 kPa; where (1 kPa =7.500 mmHg) [7]. Class 1 socks samples are coded as Al, A2, and A3;
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Class I as B1, B2, and B3 while class III as C1, C2, C3, C4, C5, C6, and C7. Most of the socks
(11 samples) exhibited (1x1 laid-in plain Knit) shown in figure 5(b). While only 2 samples
belonging to class I exhibit (1x1 laid-in- mesh knit) portrayed in figure 5(a) were confirmed after
visual and unravelling analysis. Socks samples were tested on fix-sized standard wooden legs

exhibiting 240 mm circumference around the ankle.
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Figure 5. (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 [35], and RAL-GZ 387/1 (Medical

compression hosiery quality assurance) [7].

5.2. 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 I, class II and class III) based on the intensity of compression pressure at the ankle
mentioned in CEN 15831:2009 [35] 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 and bony

surfaces).

5.2.1. 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
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ankle portion, there was marked a square of 50x50 mm? (250 mm?) on both faces of compression
socks as shown in figure 6(b), cut it to square form, unraveled the weft knitted threads to
understand the yarn and knit type, as well as contents, etc. Unraveled threads were weighed for
each sample seperately, and treated with an 95% solution of formic acid to dissolve the polyamide
filaments as per the procedure mentioned in AATCC-20A method (Quantitative analysis of fiber
composition), simultaneoulsy. The weight of the undissolved polyurethane extracted 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 (18)

Table 1. Physical specifications of compression socks

Sr. no. | Code | Circumference at ankle [cm] | Fiber analysis [%] *PU/*PA | Classification
1 Al 19.0 30/70 *CCLI
2 A2 18.6 31/69 (2.40-2.80
3 A3 14.4 28/72 kPa)
4 B1 15.6 33/67 *CCLII
5 B2 17.8 30/70 (3.064.27
6 B3 16.4 25775 kPa)
7 Cl1 16.2 50/50
8 C2 15.6 45/55
9 C3 14.6 38/62 *CCLII
10 | c4 17.8 28/72 (4.53-6.13
1| G5 15.6 40/60 kPa)
12 Cco6 14.6 32/68
13 C7 16.2 45/55

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

5.2.2. 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].
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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.

5.2.3. 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 ISO 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 20cm? while the load of

200gram was applied. Thickness testing results are given in table 2.

5.2.4. 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

g 1 _ Average fabric weight [g]

Fabric weight [F] =

Area of fabric [cm?2] 400 (19)

Table 2. Technical specifications of compression socks

Code | Thickness | Fabric Weight | Course density | Wales density Stitch density

[mm] [g/m?] [per cm] [per cm] [stitches/ cm?]
Al 0.40 139.44 224 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
B1 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
C1 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
CS5 0.70 298.44 24.00 22.00 528.00
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Co6 0.87 312.80 16.80 24.48 411.26
C7 0.72 384.88 22.60 26.00 587.60

5.3. 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%,

654+5%, temperature, 2042 °C) for fully drying purpose proposed by socks manufacturing brands.

Table 3. Hand washing parameters

Parameters Dipping time Water temperature Samples weight | Water quantity

Hand washed | 10-15 minutes 37+3 °C 250 g 5 liters

5.4. 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 6(a) corresponding to main-
grooved-line engraved on the face of the wooden leg; figure 6(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 6(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 6(d). The slicing can be made at any position of leg up to thighs and arms in un-stretched
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form. The sliced loop strips of all 13 socks samples were donned to the leg to measure deformed

width (wr) as revealed in figure 6(d).

Deformed width (wf) after
circuumferential stretch

Standard grooved
line (Ankle )

(C) Mean square
and main
grroved line
coinciduing

(a, b,o) (d)

Figure 6. Marking (a) Locating exact grooved line on leg on the face of socks (b) Square
marking 50x50 mm (250mm?) (c) Coinciding mean line and main line over the sensor at
the ankle on leg surface (d) Deformed width after wearing loop strip (e) Grooved line
(ankle portion)

5.5. 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) [7].
5.6. 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 adopted in vitro method for indirect evaluation of compression pressure using the
Salzmann pressure measuring device MST MKIV (Salzmann AG, St Gallen, Switzerland). This
device is comprised of a thin plastic sleeve (4cm wide, 0.5mm thick), with four paired electrical
contact points connected to an air pump and a pressure transducer. Sensors are located on the
medial (inner) side of the wooden leg placed between the leg and socks as shown in figure 7. The
air pump inflates the envelope until the contact open (when the inner pressure exerted by the air

is just above external pressure due to the compression device). When the contact open, the
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transducer reads the pressure at located measuring points and is displayed digitally with 0.15 kPa
resolution. 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.

Figure 7. MST MKIV pressure measuring device

5.7.  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.

5.7.1. 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 8(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 8(a) and 8(b).
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Gavge
length

(a) (b)

Figure 8. (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
146~190mmx40~55mm (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) [44] mentioned that
elastic fabric is stretched in making up a pressure garment for clinical treatment generally ranges
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. [80] 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 ef al. [81] 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 behavior of the test samples only up to 65% extension.
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Due to these numerous reasons, it was understandable that the strips were extended transversally
above 50% and below 70% literaturely. But the concept for the practical extension to predict
compression pressure was never well-thought-out. Load-extension curve data of 5 cycle at
practical extension was used to characterize the tensile indices and influence of practical
extension on force. This force at practical extension [mm] effect was also used for the prediction

of compression pressure using developed mathematical models.

5.7.2. Cyclic-loading curve analysis

Five-times cyclic loading-unloading to all the cut-strips was performed between zero extensions
to fixed extension (figure 9). Here figure 9 representing the first loading and 5™ unloading curve
to characterize the tensile engineering of compression socks ankle cut-strips. Table 4 described
physical specifications measured before and after testing. It includes; strip circumference (S;);
initial hoop strip width (w;) before worn to wooden leg, deformed width (wr) after worn to
wooden leg shown in figure 6(d), thickness (t), original area (Ao) and force value at practical
extension (FL), experimental pressure (Pg) later used for the prediction of compression pressure
using the theoretical modeling approach. A notational description of all parameters is described
here. Gauge length/initial length/original length is denoted by “(,’, strips extended to practical
elongation concerning gauge length (50 mm) are notated as ‘AC’ (extended length/change in
original length) while the total length, ‘€’ named as final or total length as the sum of gauge length
and extended length ({= (,+ ACl). Where the difference between total length and gauge length
was named extended length (Al= (-C,).

The tensile indices were measured by using only the 5% cycle loading and 5" cycle unloading
curve’s data at practical extension. These tensile indices include; loading energy (LE), unloading
energy (UE), Hysteresis (H), and Tensile linearity (TL). Measured tensile indices were used to
compare them with the experimental pressure values. Table 5 portrayed the tensile indices values
extracted from the force at practical extension curve. These tensile indices using equations;
hysteresis (equation 2), loading energy (equation 3), unloading energy (equation 4), tensile
linearity (equation 6) was measured to compare their influence on the intensity of the

COl’IlpI'CSSiOH pressure.
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Figure 9. Force-extension curve at fixed extension (65%)
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Table 4. Specifications of cut strips/compression socks/wooden leg
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[N] [mm] [mm] [mm] [mm] [mm~] [mm] [mm] [kPa]

FL A? Wi t Wi A, 4 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 24

A3 4.54 33.33 40.0 0.54 36.0 21.44 | 83.33 144 3.07

B1 7.872 2692 | 54.0 0.90 48.0 48.65 | 76.92 156 3.65

B2 5.148 1742 | 50.0 0.75 44.0 37.50 | 67.42 178 3.75

B3 7.72 23.17 54.0 0.64 48.0 34.56 | 73.17 164 4.34

C1 8.304 24.07 54.0 0.69 49.0 37.26 | 74.07 162 4.71

C2 8.238 2692 | 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 1742 | 50.0 0.86 45.0 43.00 | 67.42 178 5.33

G5 9.332 2692 | 513 0.68 47.8 3488 | 76.92 156 5.46

Co6 10.972 | 32.19 50.0 0.87 45.0 43.50 | 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 FL

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

B1 12.96 103.78 90.82 0.979 7.872

B2 8.84 45.92 37.08 1.024 5.148
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B3 19.77 107.24 87.47 1.199 7.72

C1 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
C4 11.78 71.96 60.18 1.042 7.928
G5 18.12 144.33 126.21 1.149 9.332
Co6 14.671 199.421 184.75 1.129 10.972
C7 19.075 160.44 141.365 1.111 11.996

5.7.3. Loading curve at practical extension

Force at practical extension was extracted from the 5" cycle loading curve as shown below in
figure 10. The practical elongation (equation 6) 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 10 revealed the

intensity of force of practical extension for all socks samples is different because of the varying

parametrical and dimensional specifications.

Force compared to practical extension

—_— = =
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Force [N]
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Practical extension [mm]

OAl O@A2 A3 @Bl eB2 B3 eCl eC2 eC3 eC4 eC5 eCo eocC7

Figure 10. Force extension diagram at practical extension
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5.8.  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.

6. Modelling part

6.1. 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 11(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)
of the curvature to which it is applied (see equation 1). Costanzo et al. [60] 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 revealed in figure 11(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
11(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.
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Figure 12 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. d6) 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

e Material is isotropic

e An axial force is assumed to be zero

e Friction between socks and leg is neglected

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

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

unchanged.

e Different stretch ratio as causing a decrease in the width of the circular cut strip as revealed

in figure 11(a) is considered as deformed width (wr)

Wooden leg
Strip

(a) (b)

Figure 11. (a) Front view of the leg and cut-strip (b) Top view of cut strip worn to wooden leg
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Wooden leg

— Strip

L

Figure 12. Mechanism of suppression of circular cut-strip due to the wooden leg

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 (wi)
stretched on a cylinder by a force (FL) as publicized in figure 12. It was found that pressure exerted
by a strip on the surface of the human leg has compatibility with Laplace’s law.

Fi=Radial practical force [N]

d= Diameter of stretched socks/wooden leg [mm]
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w;= Initial width of circular strip [mm]
w¢= 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

> F=0

T
2?:] P w;Rd®O
0

The total sum of forces will become

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

T
2F, =P waf SinB.d0 = P R wg.(—1)[cos 180° — cos 0°]
0

2F, =PRw;[1+4+ 1] =2PRwg
FL. =PRwg (20)
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 [41],[47],

[48], [62].[82].[83].[84].

6.2. Development of model 2 (E.Y.M) in view of engineering Young’s modulus

6.2.1. Engineering stress
The engineering measures of stress and strain notated in this research as og 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 stresses and strains were

calculated using equations 21 and 22.
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Stress (o) is defined as the force per unit area of a material so engineering stress can be calculated
as

F, _ Fy
N AO N tWi

(21)

Og

F_= Tensile force applied to fabric [N], Ag =Original cross-sectional area of the fabric [mm?] .t =

Thickness of fabric [mm], wi = Width of fabric [mm] [85].

6.2.2. Engineering strain
In terms of cut strips, strain (gg) 1s defined as extension per unit length so engineering strain can
be defined and calculated using
Extended length ¢

= =——-1 22
°E Original length 4, (22)

Equation 22 can be used to measure stretch ratio/draw ratio (A) which is the reciprocal of elastic
coefficients

?
Draw Ratio = - = l1+eg=A (23)

o
where; € 1s 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

using equation 6. Equation 22 and 24 shows the analogy between them.

CL—GCs (o
=== 24
Cs . (24)

€g —

where; € 1s engineering strain, C;, is the circumference of the leg, Cg is the circumference of

circular socks strip [7],[85].

6.2.3. 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 revealed in figure 11(a) at practical elongation, the deformations in the

strip’s widths (wr) were measured given in table 4.

6.2.4. 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
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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 €g be an engineering strain at any point in the straight-line region of the
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

E Engineering strain
OE FL
Eg=— = 25
e W (25)

Here ok is engineering stress; €g is engineering strain while Eg is the modulus of elasticity
[43],[46],[86].[87], [88],[89].
Comparing equation 20 and equation 25, we can get
F =F,
PRws = Eg Ap &g
P, = EERAV(\)I isE

2 Eg Ag g 1000
E =

o (26)

where; Eg is engineering elastic modulus [N/mm?], ws is deformed width of strip [mm], t is
thickness [mm)], € is engineering strain, C is circumference [mm] and w; is deformed width
[mm], Pg is circumferential pressure exerted around the wooden leg [kPa]. Equation 26 is denoted

as model 2 based on engineering Young’s modulus (E.Y.M); model 2 (E.Y.M).
6.3. Development of model 1 (T.Y.M) in view of true Young’s modulus

6.3.1. 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 i1s assumed in the specimen. Under this assumption;

Instantaneous load

True stress = -
Instantaneous cross — sectional area
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Fy
A

where; A is the actual area of the cross-section corresponding to load Fy,

OT =

Assuming material volume remains constant
At =Ax2,
Based on the assumption of the above equation, equation 27 can be written as
FLA, F.¢
TAA, AL,

%y

Using equations 21 and 23 in the above equation

O — GE(l + SE)

6.3.2. True/logarithm strain

(27)

(28)

True strain is defined as the instantaneous increase rate in the instantaneous gauge length defined

as true strain [85],[90].

6.3.3. True elastic modulus/Young’s logarithm modulus

Using equations 28 and 29

True stress o

o= ———
'™ True strain €
. GE(l + SE)
T 7 In(1 + &)
Equations 21 and 30 can be modified to
FL(1+e
ET ln(l + SE) = M
Ag
. ETAO ln(l + SE)
L= (1 + SE)
Equating equations 20 and equation 31, relation will become
Fi=Fy,
EtAgIn(1+¢
rAgn(+es) Lo
(1 + SL)

35

(29)

(30)
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P — ET AO ln(l + SE)
= (14 ) Rwy

(32)

Equation 32 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
C
~2n
Put the value of radius ‘R’ in equation 32, we can write
. 2mEr AgIn(1 + €£)1000
T (14 eg) Cwy

R

(33)

where; E7 is true engineering Young’s elastic modulus [N/mm?], w; is deformed width of strip
[mm], €g is engineering strain, C is circumference [mm] of the wooden leg at the ankle, wy is
deformed width [mm], P is circumferential pressure exerted around the wooden leg [kPa] based
on the theory of true engineering Young’s modulus. Equation 33 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 (0Og), circumferential/longitudinal/engineering strain (gg), engineering modulus (Eg) and
deformed width (wy), true stress (o), true/logarithmic strain (er), true elastic modulus (Et) to
be incorporated into modified mathematical models; model 1 (T.Y.M) mentioned as equation 33
and model 2 (E.Y.M) as equation 26. 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

o g & @D | = =
@) 2 E. 2 = 0% S & | & ‘E g g 2 =
o g 2 |8 8 2| & 8|2 ¢ @ @ & =
® > 3|2z g 3|2 3 c S =
iz ® 5| 0 R |& = Z =5 @
OE €E Eg Wrg OT €r Er
[N/mm?] Nounit | [N/mm?] | [mm] [N/'mm?] | No unit [N/mm?]
Al 0.149 0.263 0.566 443 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
B1 0.162 0.538 0.301 48.0 0.249 0.431 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
G5 0.268 0.538 0.497 47.8 0.412 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
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7. 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 (R?>-value) were computed with a significant threshold

set at p < 0.05.

7.1. Force at practical extension compared to experimental pressure

Figure 13 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. Regression analysis is the statistical tool used to define the data
point’s distribution by using a best-fit regression line considering the minimum sum of the square
of errors. This regression line passing through data points gives us a regression model that helps
to determine how well the independent variable (force at practical extension) explains the

dependent variable (experimental pressure).

Statistical results shown in figure 13 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 =0.9431). This R? -value depicts that the intensity
of pressure exertion depends about 94.31% to the practical force of extension [N]. The regression
model (figure 13) 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
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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. The reason for the dependency of the

practical extension [mm] on compression pressure is mainly due to cut-strips areal density (fabric

weight).
Comparison of force at practical extension and experimental pressure
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Figure 13. Force at practical extension compared to experimental pressure

7.2.  Hysteresis

Figure 14 illustrates the relationship between force at practical extension (FL), hysteresis (H) and
experimental pressure (Ps). But it was necessary to relate how well the hysteresis (H) values of

all socks samples explains the experimental pressure (Ps) and force at practical extension (Fp).

Figure 14 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 (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.
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The extent of dependency was computed based on the basis of coefficient of the determination
value (R?=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 practical
extension

7.0 14.0
y = -0.0138x? + 0.53x + 0.3541 .
6.0 R?=0.747 ° o 12.0

r = 0.864
5.0 e 10.0

4.0 .E’ o 8.0

3.0 o e 6.0
o8 6 ®y=-0.0246x + 1.0292x - 0.8143

2.0 = R? =0.8297 4.0
o.* r=10.910

1.0 2.0

Experimental Pressure [kPa]
Force at Practical extension [N]

0.0 0.0

0.0 5.0 10.0 15.0 20.0 25.0
Hysteresis
® Experimental Pressure ® Force at Practical Extension

Figure 14. Hysteresis and force at practical extension compared to experimental pressure
7.3. Loading energy

Figure 15 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).
As the loading energy increases, the area under the loading curve increases which increases the
intensity of experimental pressure (Ps). The greater the tensile energy and tensile strain, the easier

the fabric deforms in stretch loading [40].

40



Comparison of loading energy, experimental pressure and force at practical

extension
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Figure 15. 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? and r values represents that loading
energy explains the experimental pressure about 77.94% and correlation value r= 0.936 (strong
positive relationship). While to the force at practical extension explains the loading energy about

87.65%.

7.4. Unloading energy

Figure 16 reflected the relationship between unloading energy (UE), force at practical extension
(FL) and experimental pressure (Ps) of all the 13 socks samples. Figure 16 also 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.
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Comparison of unloading energy, experimental pressure and force at
practical extension
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Figure 16. Unloading energy and force at practical extension compared to experimental
pressure

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 =0.851and 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.

7.5.  Tensile linearity

Figure 17 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. Figure 17 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).
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Comparison of tensile linearity, experimental pressure and force at practical
extension

7.0 14.0
%

6.0 Y= 6.5099x - 2.1893 ® 12.0
R?=0.599 =
w r=0.773 @ —
ﬁé 5.0 & pe 10.0 E
. 72}
2 A Yl g S
5] N —
& 3.0 , o 60 5
E ° . ° I
€20 S : 40 £
§ ' ° . y = 13.145x - 5.8755 3
3 R2 = 0.5885 o
510 r=0.7671 20 &
=

0.0 0.0
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40
Tensile Linearity
® Experimental Pressure ® Force at Practical Extension

Figure 17. Tensile linearity and force at practical extension compared to experimental pressure

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

law

7.6.1. Experimental pressure compared to Model 1 (T.Y.M) and Laplace’s law
Figure 18 represents the relationship between experimental pressure (predictor) compared to

model 1 (T.Y.M) and Laplace’s law (responses).

Figure 18 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.

Figure 18 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
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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.

7.0 Model 1 and Laplace's Vs experimental pressure
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Figure 18. Experimental pressure compared to model 1 (T.Y.M) and Laplace’s law

7.6.2. Experimental pressure compared to Model 2 (E.Y.M) and Laplace’s law
Figure 19 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
and y-intercept values. R2-value represents that both Laplace’s law and transformed model 2

explains the 93.19% to experimental pressure results. The calculated compression pressure
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measured using transformed model 2 and Laplace’s Law are similar but in figure 20 for Laplace’s

law, experimental pressure is considered on y-axis to show the two different regression lines

separately.
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Figure 19. Experimental pressure compared to model 2 (E.Y.M) and Laplace’s law

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 (R2-value)
Model 1 (T.Y.M) y = 0.9949 (experimental pressure) - (0.137 R2=0.9197
Model 2 (E.Y.M) y = 1.0113 (experimental pressure) + 0.5347 R2=10.9319
Laplace’s law y = 1.0113 (experimental pressure) + 0.5347 R2=0.9319
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1.7.

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 9), Ng’s

model (equation 10), Meklewska’s model (equation 12), Dubuis’s model (equation 13), Leung’s

model (equation 14), Jariyapunya's model (equation 15), Zhang’s model (equation 16), Teyeme's

model (equation 17); 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.

Table 8. Comparison of theoretical and experimental pressure values
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FE| 2| 2| 2| B| 5| &| & 8| & %

i < < 5 & = 2 = (€ z
Al | 224 | 1.558 | 1.759 | 1.558 | 1.558 | 1.558 | 1.558 | 1.558 | 1.234 | 1.558 | 1.558
A2 24 |1.922 {2.079 | 1.922 | 1.922 | 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
Cl1 4771 | 4.024 | 4.434 | 4.024 | 4.024 | 4.025 | 4.024 | 4.346 | 2.934 | 4.024 | 4.024
C2 | 483 | 4491 |5.132 | 4.491 | 4.491 | 4.491 | 4491 | 4.311 | 2.802 | 4.491 | 4.491
C3 | 529 | 4.699 | 5255 | 4.699 | 4.699 | 4.699 | 4.699 | 4.887 | 2.973 | 4.699 | 4.699
C4 | 533 |4.149 |4.610| 4.149 | 4.149 | 4.148 | 4.149 | 4.149 | 3.077 | 4.149 | 4.149
C5 | 546 | 4760 | 5.109 | 4.760 | 4.760 | 4.761 | 4.760 | 4.884 | 3.175 | 4.760 | 4.760
C6 | 626 | 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
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The relationship between existing models; Hui’s model (equation 9), Ng’s model (equation 10),
Dubuis’s model (equation 13), Leung’s model (equation 14) and Zhang’s model (equation 16),
Teyeme's model (equation 17), and Jariyapunya's model (equation 15) as a predictors and
experimental pressure as (response variable) was analyzed using linear regression analysis.

Regression analysis of all existing models is discussed below simultaneously.

Hui’s model; Figure 20 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 9). Table 9 depicts that Hui’s model
(equation 9) 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.

Hui's model compared to experimental pressure
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Figure 20. Comparison of experimental pressure compared to Hui's model

Ng’s Model (equations 10) was analyzed for its efficacy to predict the compression pressure and
extent of dependency on experimental pressure results using linear regression analysis (figure

21). Using linear regression analysis, the coefficient of determination value (R*-value = 0.9318)
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which means the experimental pressure results explain 93.18% to Ng’s model. Table 9 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.

7.0 Ng's model compared to experimental pressure
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Figure 21. 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 22). Table 9 portrays that
Dubuis’s model pressure results are lower than experimental pressure. In his model (equation
13), it was introduced the concept of stiffness (Stiff) and engineering strain (¢) to predict the
compression pressure incorporated to Laplace’s law claiming the modification of Laplace’s law
but the extent the results of (R%-value) was less than Hui’s model, Ng’s model and 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.
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Dubuis's model compared to experimental pressure
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Figure 22. Comparison of experimental pressure compared to Dubuis's model

Leung’s Model; Figure 23 shows the statistical relationship between experimental compression
pressure results and Leung’s model (equation 14). The extent of relationship was quantified by

measuring the coefficient of determination value (R%-value =0.9187).

Leung's model compared to experimental pressure
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Figure 23. Comparison of experimental pressure compared to Leung's model

This value represents 91.87% significance between experimental pressure and Leung’s model.

Leung’s model (equation 14) defined the tension (T) mentioned in Laplace’s law (P=T/r)as T =
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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 (R*-value =0.9319) as well as existing
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 24 represents the strength of the relationship between experimental

pressure (predictor) and Zhang’s model (response variable).

7.0 Zhang's model compared to experimental pressure
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Figure 24. 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 25). Table 8 portrays that Teyeme's
model results of pressure are lower than experimental pressure but similar to Laplace’s law. In
his model (equation 17), he considered that hooks law (F= - kX) is obeyed when socks are

circumferentially stretched without considering the axial deformation.
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Teyeme's model compared to experimental pressure
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Figure 25. Comparison of experimental pressure compared to Teyeme's model

Jariyapunya's model; figures 26 represents the coefficient of determination value (R*-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, Zhang’s model,

Teyeme's model and Dubuis’s model.

Table 9 has portraying the summary of regression analysis based on the coefficient of the

determination values of all of the existing models compared with experimental pressure results.
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Figure 26. 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=0.9319
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

7.8.  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 27 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 the 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
results proved that modified models have well approximation to original Laplace’s law. The
regression model (figure 27) 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. Figure 27
proved the well approximation between Laplace’s law and developed models; Model 1 (T.Y.M)
and Model 2 (E.Y.M).
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7.0 Model 1 (T.Y.M) and Model 2 (E.Y.M) Vs Laplace's law
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Figure 27. 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=bX + 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 R2=0.9952
Model 2 (E.Y.M) y = Laplace’s law pressure R2=1
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8. 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 (Fr) 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 (FL) portrayed a significant

relationship to experimental pressure.

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.
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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; R2-value =0.9952
and R2-value =1 respectively. Conclusively, developed models predicts almost the same

pressure results as Laplace’s works.
9. 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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