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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 (FL) 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 (R2- 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 (wf), true stress (σT)/ logarithmic strain (εT)/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 (wf). 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 kompresních ponožek hrají zásadní roli při vyvíjení přiměřeného radiálního tlaku, 

přímo spojeného s jejich pracovním výkonem a životností. Tyto vlastnosti jsou nasazovány pomocí 

různých druhů materiálů a strojních úprav. V této vědecko-výzkumné práci byly komerčně 

zakoupeny a nařezány vzorky ponožek, aby se vyhodnotily jejich fyzikální, strukturální a tahové 

vlastnosti a teorie vyvíjení kompresního tlaku. Současná výzkumná práce se tedy skládá ze dvou 

částí. Část 1 představuje vědeckou charakteristiku tahu proužku ponožky taženého k analýze, sílu 

při praktickém vytažení ve srovnání s experimentálním tlakem (Ps), srovnání mezi indexy tahu, 

experimentálním tlakem (Ps) a silou při praktickém vytažení. Tyto indexy tahu zahrnují zatěžovací 

energii (W), odlehčovací energii (W´), hysterezi (H) a tahovou linearitu (TL). Výsledky ukázaly, že 

hodnota síly při praktickém prodloužení (FL) má významný vliv na vysvětlení experimentálního 

tlaku (Ps). Rovněž se dospělo k závěru, že indexy tahu (W, W´, H a TL) statisticky vykazují 

významnost (hodnota R2 = střední až silná) pro sílu při praktickém a experimentálním tlaku. Část 2 

se skládá z teoretického zkoumání kompresního tlaku pomocí techniky modelování a transformace 

Laplaceova zákona. Tato technika pomohla prozkoumat některé neznámé parametry, zejména 

deformovanou šířku (wf), skutečné napětí (σT) / logaritmickou deformaci (εT) / skutečný modul (ET). 

Pomocí těchto neznámých parametrů byl Laplaceův zákon přeměněn na dva nové matematické 

modely. Model 1 (T.Y.M) je založen na skutečném Youngově modulu a Model 2 (E.Y.M) je založen 

na inženýrském Youngově modulu a deformované šířce (wf). Kromě toho výsledky odhalily, že 

transformované modely model 1 a model 2 a základní Laplaceův zákon se dobře přibližují 

experimentálnímu tlaku (Ps). Stávající modely byly také porovnány s experimentálním tlakem za 

účelem analýzy jejich účinnosti. Nově transformované modely byly také statisticky porovnány s 

původním Laplaceovým zákonem a ukázalo se, že nově vyvinuté modely mají silnou významnou 

aproximaci k základnímu Laplaceovu zákonu. 

KLÍČOVÁ SLOVA: Charakterizace tahu, kotníkové střihy, modelační technika, transformované 

Laplaceovy zákony, experimentální tlak, přiblížení k Laplaceovu zákonu  
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Nomenclature 
List of Symbols 

Ao Original cross-sectional area [mm2]  

A Actual cross-sectional area [mm2] 

CL Circumference of the leg [mm] 

CS Circumference of socks [mm] 

d  Diameter of the leg [mm] 

dL Arc length of circular strip [mm] 

EE Engineering modulus [N/mm2]  

ET True modulus [N/mm2] 

FL Radial force /Practical force of extension [N] 

ℓ Final length [mm] 

ℓo Original length [mm] 

ln Natural log 

L The total length of the circular strip [mm] 

Δℓ Extended length/change in length [mm]   

P Pressure exerted per unit area [kPa]  

Ps Experimental pressure [kPa] 

PE Pressure concerning engineering modulus [kPa] 

PT Pressure concerning true modulus [kPa] 

R Radius of the leg [mm] 

T Tension on the cylindrical wall [N/mm]  

t Thickness of compression socks [mm] 

wi Initial/un-stretched width of circular strip [mm] 

wf Deformed width of circular strip [mm] 

W Loading energy [mJ] 

W´ Unloading energy [mJ] 

εE Engineering strain 

θ Degree angle 

εT True strain 

σE Engineering stress [kPa] 

σT True stress [kPa] 

λ Draw ratio 

List of Abbreviations 

CEN  Committee of European Standardization 

CCL  Compression class level 

E.Y.M   Engineering Young’s modulus [kPa] 

ECE  European colorfastness establishment 

FEA  Finite element analysis 

ISO  International standard organization 

ICC International compression committee 

MST Medical stocking tester 

Model 2 (E.Y.M)   Model 2 based on engineering Young’\s modulus 

Model 1 (T.Y.M)   Model 1 based on true Young’s modulus  

PA  Polyamide 

PU  Polyurethane 

RH%  Relative humidity percentage [%] 

T.Y.M   True Young’s modulus [kPa] 

H Hysteresis 

LE Loading energy 

UE Unloading energy 

TL Tensile linearity 
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1. Introduction 
Medical compression socks with the gradual decrease in compression pressure are utilized to 

conduct the compression therapy. There are two main principles i.e. Laplace’s law and Pascal’s 

law, involved in explaining how the compression therapy system delivers the pressure around the 

leg. The first principle involves the application of Pascal’s law, which demands muscle 

movement to generate a pressure pulse that is distributed evenly in lower limbs during active and 

passive exercise. Pascal’s law is also used to explain the  compression pressure during dynamic 

conditions [1]. The second principle involves the application of Laplace’s law to create a varied 

interface pressure based on limb shape and tension of the stocking applied. This law is used to 

evaluate the compression pressure in static conditions [2]. 

Based on the theory of Laplace’s law that was developed to relate the wall tension and radius of 

cylinders (e.g. blood vessels) to the pressure difference due to inflation and deflation of two 

halves of cylindrical vessels [3],[4],[5]. The equation can be expressed as  

P =
 T 

r
                                                                                        (1) 

where; P denotes pressure [Pa], T is cylinder wall tension  [N/mm] and r is cylinder radius  [mm].  

Ancutiene et. al (2017) investigated the tensile properties using the KES-F system. The graphical 

representations (figure 1) of the stretch (1st cycle) and recovery (5th cycle) results portray the 

various tensile properties of compression sock strips.  

 
Figure 1. Load-extension curve [6] 

To obtain the areas bordered by the tensile and resilience curves, the trapezoidal rule was a simple 

and operative quadrature rule. According to the trapezoid rule, the partial sum of individual 

trapezoid areas could quantitatively present the hysteresis (H) when the fabric is stretched as 

shown in figure 1.  

                                  H ≈ ∑
(y1i − y2i) + (y1i+1 − y2i+1)

2
.  (xi+1 − xi)                                   

n−1

i=1

(2) 

where H is the hysteresis, , y1i is the tensile curve and y2i is the resilience curve [6]. 

The tensile energy W can be quantitatively estimated by equation 3. 
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                                                                  W = ∫ F(x). d(x)                                                                    (3)
x

0

 

With the decreasing of the stretch loading, the return curve formed reflects the tensile resilience 

energy W′ of the fabric, which can be calculated by equation 4. 

                                                                 W ′ = ∫ F(x)′. d(x)
x

0

                                                                 (4) 

where; x is the displacement of stretched fabric; F(x) is the tensile force needed in response to 

the stretched displacement [6]. 

Tensile linearity indicates the wearing comfort. Lower values of the TL give higher fabric 

extensibility in an initial strain range indicating better comfort but the fabric dimensional stability 

decreases. Tensile linearity can be calculated using below equation  

TL =
2.W

Fm. am
                                                                                (5) 

where; Fm is the force at maximum deformation, am is maximum displacement, W is loading 

energy [6] 

Stretch ratio is the ratio of the circumferential difference between the leg and socks to the sock’s 

circumference while reduction percentage is the ratio of the circumferential difference between 

the leg and socks to the leg’s circumference calculated using equation 6 and equation 7 [7].  

Stretch ratio (Se) =
Lc − Sc

Sc
                                                  (6) 

Reduction ratio (Re) =
Lc − Sc

Lc
                                           (7) 

where; Lc is leg circumference, Sc is socks circumference 

Hui and Ng (2001) [8] and Halfaoui et al. (2016) [9] developed a model to predict interfacial 

pressure exerted on a fabric tube. In this study, they formulate a theoretical model to predict 

interfacial pressure is generalized as  

                                                                    P =
2 π ε Ei hi

C
                                                                       (8) 

where; Ei is the modulus of elasticity [N/mm2], hi is fabric thickness [mm], C is the circumference 

of cylindrical fabric [mm], ε is engineering strain. 

Ng and Hui (2001) [10] proposed objective method to predict interfacial pressure as given below 

                                                                    P =
 2 π Re EI t 

Ctube (1 − Re)
                                                             (9) 

where; EI is the modulus of elasticity [N/mm2], Re is the reduction ratio, Ctube is the circumference 

of the cylindrical tube and t is the thickness  

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

based on the pre-set value of unit pressure.  The model is based on the theory of Laplace’s law.  

                                                                     Pi =
2 π F

W G1
                                                                             (10) 

where; F is force [N] of strip, G1 is circumference [cm] of leg, W is cut-strip width [cm] and Pi = 

pressure exerted by the knitted fabric 
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Dubuis et. al. (2014) [12] studied the patient-specific FE model leg under elastic compression and 

design a model to evaluate compression pressure. They established model is given below 

                                                               P =
𝑠𝑡𝑖𝑓𝑓  ε

r
                                                                       (11) 

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

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

                                                                 P =
2 π E Ao ε

  ℓo(1 + ε) C
                                                                    (12) 

where; E is the modulus of elasticity [N/mm2], C is the body circumference [mm], Ao is the original 

cross-sectional area of fabric [mm2], and ε applied strain  

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

                                                                 P =
2 π σE d 

  C
                                                                           (13) 

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

Zhang’s et al. (2019) [15] used the concept of cylinder stress law with thin-walled assumption to 

design mathematical models for the prediction of compression expressed as below  

                                                                 P =
Di Ei    t

rw.i
                                                                           (14)  

where; t is the thickness of cylinder, rw.i is the radius of part i of the cylinder, E is the tensile 

modulus, Di is the axial length of the cylinder  

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

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

                                                                 P =
E ε s 2π

C
                                                                            (15) 

where P is pressure, E is elastic modulus, ε is strain, C is leg circumference and s is thickness 

[16].   

2. Purpose and the Aim of Study 
The main purpose of current research was to investigate how well the tensile indices values 

explain the pressure results. It was also claimed to re-establish the pressure predicting 

mathematical models. For this modelization technique, there were introduced some new 

parameters to transform basic Laplace’s law. The main objectives of the current research are 

tabulated as follows; 

Tensile characterization of compression sock’s ankle cut-strips 

• Force at practical extension compared to experimental pressure 

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

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

• Comparison of unloading energy, force at practical extension and experimental 

pressure 

• Comparison of tensile linearity, force at practical extension and experimental pressure  
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Theoretical investigation to modify Laplace’s law  

• Development of model 1 considering true Young’s modulus and deformed width (wf); 

model 1 (T.Y.M)  

• Development of model 2 considering engineering Young’s modulus; model 2 (E.Y.M)  

Statistical comparison of modified and existing models   

• Experimental pressure compared to model 1 (T.Y.M) and Laplace’s law  

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

• Experimental pressure compared to existing models  

• Comparison of developed models and Laplace’s law  

3. Overview of the Current State of the Problem 
a) 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 (FL) and experimental pressure (Ps) had measured. Literaturely, a few studies 

exist in which tensile indices are related to experimental pressure. These tensile indices 

values are measured using Kawabata evaluation system (biaxial extension) [6],[17], [18], 

[19], [20], [21] instead of uniaxial tensile tester (followed in this study).  

b) Many studies exist in which the theoretical prediction of compression pressure is done 

using a numerical approach; Finite-Element method (FE method) [22–31] and 

mathematical approaches by approximating/modifying the basic Laplace’s law [9-16], 

[32–38]. European Committee for Standardization (CEN) declared that the pressure 

values of compression garments are calculated by Laplace’s law, where the tensile force 

is measured under semi-static conditions [32]. Equation of Laplace’s law was applied on 

various objects; wooden leg, [7],[8],[11], [33-35],  PVC cylinder [14-16],[39] biological 

vessels [36], wooden leg wrapped with neoprene fabric simulating the human skin 

morphology and then installed the socks [26], leg mannequin of varying anatomy of the 

leg and together on human leg as well wooden leg [6],[8-10],[12-13], [37], to validate 

experimental compression pressure. Most of the researchers concluded that Laplace’s law 

well explained the experimental pressure when worn onto wooden legs but there are a few 

researchers who disagree to this concept. Macintyre et al. (2004) concluded that Laplace’s 

law predicted the pressure exerted by compression garments on a cylinder model with 

different curvature radii and Laplace’s law significantly overestimated the compression 

pressure in some cases [3]. Costanzo and Brasseur (2013) proved the inadequacy of 

Laplace’s law when applied to the biological vessel. This has a non-linear response to 

deformation that is difficult to measure because of the nonlinear hydrostatic response. To 

overcome this flaw of Laplace’s law shear stress concept was introduced instead of hoop 

stress using multiple constitutive models [36],[38]. Liu et al. (2013) concluded that there 

existed considerable differences between the experimental and theoretic pressure values 

except for samples exhibiting more tuck stitches than others. Measured pressures in all 

specimens were considerably more than those predicted by Laplace’s law. This difference 

may be considered due to geometric and morphologic deformation in loops and stitches. 

[6]. In most of the above scientific research, the basic Laplace’s law is used for the 

prediction of compression pressure but some of the researchers had claimed to modify it 

without any additional parameter except the notational changes which was the gap in this 
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part of the research work. In this research work, there were introduced some missing 

parameters that can be incorporated for the modification of Laplace’s law using the 

modelization technique. These unknown parameters include; true stress (σT), 

true/logarithm strain (εT), true modulus (ET), engineering stress (σE)/ strain (εE) / 

engineering modulus (EE) and deformed width (wf). Using these mentioned parameters, 

two new models based on engineering Young’s modulus and true Young’s modulus 

abbreviated as Model 1 (E.Y.M) and Model 2 (T.Y.M) were developed. As per the 

literature review, none of the researchers has considered the viscoelastic behavior of the 

compression socks only justifying the theoretical and experimental difference that is due 

to surface friction, stitches uneven deformation and slippage factor, etc. In real, 

compression socks being super-elastic when donned on the leg undergoes axial shrinkage 

after circumferential expansion causing the ultimate circumferential compression 

pressure.  
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4. Experimental Work 
4.1. Procurement of compression socks  

A total of 13 commercially available sock‘s samples were purchased exhibiting three different 

compression class levels (Class I, 2.40~2.80 kPa; class II, 3.06~ 4.27 kPa and class III, 4.53~ 

6.13 kPa; where (1 kPa =7.500 mmHg) [7]. Class 1 socks samples are coded as A1, A2, and A3; 

Class II as B1, B2, and B3 while class III as C1, C2, C3, C4, C5, C6, and C7. Most of the socks 

(about 11 samples) exhibited (1×1 laid-in plain Knit) structure shown in figure 2(b).  While only 

2 samples belonging to class I exhibit (1×1 laid-in- mesh knit) portrayed in figure 2(a) were 

confirmed during visual as well as unravelling analysis of compression socks. Compression socks 

were tested on fix-sized standard wooden leg exhibiting 240 mm circumference around the ankle.  

(a)  (b)  

Figure 2. (a) 1×1 laid-in- mesh knit (b) 1×1 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±2oC as per CEN 15831:2009 [32], and RAL-GZ 387/1 (Medical 

compression hosiery quality assurance) [7]. 

4.2. Preliminary testing of compression socks under study 

Preliminary data of all 13 samples were evaluated at the ankle portion includes; fabric weight 

[g/m2], 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 [32] and RAL-GZ 387/1 [7]. The class level is defined concerning 

pressure at the ankle portion because of being a complex part of the leg (contour surfaces and 

bony).  

4.2.1. Determination of fiber content of the fabrics 

Fiber analysis of all samples was done using the standard procedure mentioned in AATCC-20A-

2013 and results are shown in table 1. To confirm the contents (Polyamide /Polyurethane ) at the 

ankle portion, there was marked a square of 50×50 mm (250 mm2) on both faces of compression 

socks as shown in figure 3(b), unraveled the weft knitted threads to understand the yarn and knit 

type, as well as contents, etc. Unraveled threads were weighed, and treated with an 95% solution 

of formic acid to dissolve the polyamide filaments per the procedure mentioned in AATCC-20A 

method (Quantitative analysis of fiber composition).  The weight of the undissolved 
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polyurethaneextracted from all samples was done to find the percentage of polyurethane through 

the solubility test given in table 1 using the following equation. 

Polyurethane  percentage [%] =
Weight of polyurethane threads

Total weight of the threads 
. 100                   (16) 

Table 1. Physical specifications of compression socks 

Sr. no. Code Circumference at ankle 

[mm] 

Fiber analysis [%] *PU/*PA Classification  

1 A1 190 30/70 *CCLI  

(2.40–2.80 

kPa) 
2 A2 186 31/69 

3 A3 144 28/72 

4 B1 156 33/67 *CCLII  

(3.06–4.27 

kPa) 
5 B2 178 30/70 

6 B3 164 25/75 

7 C1 162 50/50  

 

*CCLIII  

(4.53–6.13 

kPa) 

8 C2 156 45/55 

9 C3 146 38/62 

10 C4 178 28/72 

11 C5 156 40/60 

12 C6 146 32/68 

13 C7 162 45/55 

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

4.2.2. Determination of thread count of fabrics 

The number of wales and courses per centimeter and stitch density per centimeter square were 

measured using the pick glass advised by the RAL GZ-387/1 standard of quality assurance [7]. 

Results of measured parameters; wales density (number of wales per cm), course density (number 

of courses per cm), and stitch density (stitches per centimeter square) are given in table 2.  

4.2.3. Determination of thickness of the fabrics 

Digital thickness tester of model M034A, SDL (Atlas) device was used to determine the thickness 

of the material according to standard test method 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 20 cm2 while the load of 

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

4.2.4. Determination of weight per unit area of fabrics 

Sample cut-strips; 250 mm2 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 

Fabric weight  [
g

m2
] =

Average fabric weight  [g]

Area of fabric [cm2]
. 400                       (17) 

Table 2. Technical specifications of compression socks 

Code Stitch density 
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Thickness  

[mm] 

Fabric Weight 

[g/m2] 

Course density 

[per cm] 

Wales density 

[per cm] 

[stitches/ cm2] 

A1 0.40 139.44 22.4 19.21 430.43 

A2 0.46 134.00 24.6 16.20 398.52 

A3 0.54 149.28 18.20 20.00 360.00 

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 

C5 0.70 298.44 24.00 22.00 528.00 

C6 0.87 312.80 16.80 24.48 411.26 

C7 0.72 384.88 22.60 26.00 587.60 

  

4.3. Hand washing 

Hand washing and rinsing of pair of each sock’s samples was preceded before testing the physical 

and technical specification under slightly hot water for washing at a temperature of about 37±3 
oC as per detailed specifications given below in table 3. The procedure comprised of dipping 

socks in a bucket for 10-15 minutes then were dehydrated (Hydro-extraction) by placing them 

flatly between two layers of towels for 24 hours under standard atmospheric conditions (RH%, 

65±5%, temperature, 20±2 ᵒC) 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 oC 250 g 5 liters 

 

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

Initially, a dried sock sample was put onto a wooden leg in such a way that socks samples are not 

fully stretched to wales direction (longitudinal direction), considering no creases on the 

surface/face of fabric drawn a mark of mean-dashed-line (-); figure 3(a) corresponding to main-

grooved-line engraved on the face of the wooden leg; figure 3(e).  After marking the mean-dashed 

line (-), socks were put-off and allowed to be relaxed for 24 hours. After 24 hours, a square of 

50×50 mm (250 mm2) was marked keeping the drawn dashed line (-) as the mean line of the 

square marked on the face of the fabric. This was done to overcome variation due to repeated 

measurement of compression pressure and to keep the wales and courses smooth and straight. 

Putting on and off all the hand-washed socks samples was done 5 times keeping the mean of the 

marked square, figure 3(c), at the main grooved line around the leg, and pressure was measured 

using the Salzmann MST MKIV model. Such a method of marking can be proposed to avoid the 

variability and reliability of compression pressure results. After marking and pressure 

measurement, a circular strip having widths of almost 50 mm was sliced into loop-strips as shown 

in figure 3(d). The slicing can be made at any position of leg up to thighs and arms in un-stretched 
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form. The sliced loop strips of all 13 socks samples were donned to the leg to measure deformed 

width (wf) as shown in figure 3(d).  

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

marking 50×50 mm (250 mm2) (c) Coinciding mean line and main line over the sensor 

at the ankle on leg surface (d) Deformed width (e) Grooved line (ankle portion) 

4.5. 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; ℓB = 120 mm (the height from the sole 

to grooved line on the face of leg at ankle portion).  

4.6. Measurement of experimental pressure 

Currently, there are two major methods used for the determination of compression performance- 

the direct in vivo method and the indirect in vitro method using different tools. In this research 

work, we performed in vitro method for indirect evaluation of compression pressure using the 

Salzmann pressure measuring device MST MKIV (Salzmann AG, St Gallen, Switzerland). as 

shown in figure 4.  

 

Figure 4. MST MKIV pressure measuring device 
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Two lengths of the probe are available. Only the shorter one (34cm long) with four contact points 

was used in this study. Such evaluation of compression measurement was performed under the 

standard test method RAL-GZ-387/1.  

4.7. Force-extension curve analysis using the cut-strip method 

In this scientific research, all the detached cut-strips were investigated for their tensile behavior. 

For this CRE (constant rate of extension) based Testometric tensile testing machine was selected 

and used.  

4.7.1. Sample preparation 

To investigate the tension behavior, all the circular cut-strips from the ankle part of compression 

socks were linearized into rectangular strips keeping the vertical edges of square mark of area 

250 mm2 between inner edges of clamps, alternatively as shown in figure 5(a).  All 13 sample 

strips were allowed to be relaxed under controlled atmospheric conditions for 24 hours. Tensile 

testing along the wale direction is not tested here because there is no impact of the force of axial 

extension (longitudinal extension) on compression pressure. So decided to extend the cut-strips 

transversally to characterize the radial forces and measurement of tensile indices. Relaxed 

samples were cleaned by removing edging threads along the course direction to ensure inlaid 

threads must be griped to both clamping jaws to get an accurate and precise measurement of the 

force compared to extension data as publicized in figures 5(a) and 5(b). 

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

The testing parameters and machine specifications were followed as per BS EN 14704-1 standard 

test method. Test specifications include: tensile rate, 100 mm/minute; specimen dimensions were 

144~190mm×40~55mm (lengthwise range of all cut-strips × widthwise range of all cut-strips), 

gauge length adjusted was 50 mm. Lengthwise range means the strip lengths along the width of 

compression socks or in the course direction. While the widthwise range means the strip width 

along the length or the wales direction of compression socks.  

Most of studies in which the strips are extended to fix extensions depending on the size of the 

object or requisite intensity of compression pressure. Ng and Hui (2001) [10] mentioned that 

elastic fabric is stretched in making up a pressure garment for clinical treatment generally ranges 
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from 5-50%. While RAL-GZ 387/1 defines this range by mentioning that standard size hosiery 

can be a maximum of 50% of the extensibility transversely at all measuring points. Dongsheng 

et al. [40] proposed that clothing pressure increases linearly by increasing fabric elongation when 

it is within the 60% range. A person while wearing a tight garment transversal extension is not 

more than 60% the of initial length. Chattopadhyay et al. [41] mentioned during preliminary 

studies of pressure garments on several subjects that the maximum extension at which the 

samples were subjected during wear is about 60%. Therefore, it was decided to study the load 

elongation behaviour of the test samples only up to 65% extension.  

Table 4. Specifications of cut strips/compression socks/wooden leg 
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 [N] [mm] [mm] [mm] [mm] [mm2] [mm] [mm] [kPa]  
FL ∆ℓ wi t wf Ao ℓ Sc Ps 

A1 2.978 13.16 50.0 0.40 44.3 20.00 63.15 190 2.24 

A2 3.416 14.52 46.5 0.46 43.0 21.39 64.51 186 2.4 

A3 4.54 33.33 40.0 0.54 36.0 21.44 83.33 144 3.07 

B1 7.872 26.92 54.0 0.90 48.0 48.65 76.92 156 3.65 

B2 5.148 17.42 50.0 0.75 44.0 37.50 67.42 178 3.75 

B3 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 26.92 48.0 0.68 42.0 32.64 76.92 156 4.83 

C3 9.338 32.19 52.0 0.66 46.5 34.32 82.19 146 5.29 

C4 7.928 17.42 50.0 0.86 45.0 43.00 67.42 178 5.33 

C5 9.332 26.92 51.3 0.68 47.8 34.88 76.92 156 5.46 

C6 10.972 32.19 50.0 0.87 45.0 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 

energy [mJ] 

Unloading 

energy [mJ] 

Tensile linearity Force at practical 

extension [N] 

H W W' TL FL 

A1 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 

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 
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C4 11.78 71.96 60.18 1.042 7.928 

C5 18.12 144.33 126.21 1.149 9.332 

C6 14.671 199.421 184.75 1.129 10.972 

C7 19.075 160.44 141.365 1.111 11.996 

4.7.2. Loading curve at practical extension   

Force at practical extension was extracted from the 5th cycle loading curve as shown below in 

figure 6. The practical elongation is calculated by considering the circumferences of the leg as 

well as of socks at the ankle portion. Here the circumference of the leg is fixed to 240 mm but 

each socks sample exhibit different circumferences at the ankle so the force of extension at 

specific practical elongation (extension level) is different. Figure 6 revealed the intensity of force 

of practical extension for all socks samples is different because of the varying parametrical and 

dimensional specifications.  

 
Figure 6. Force extension diagram at practical extension 

4.8. Statistical analysis  

All of the testing results were statistically analyzed using simple regression analysis. Regression 

analysis is the statistical tool used to define the data point’s distribution by using the least-squares 

estimation method which derives the regression equation by minimizing the sum of the square of 

errors. The best-fit line is actually the regression model line.  This regression line passing through 

data points gives us a regression model that helps to determine how well the independent variable 

explains the dependent variable. Regression results help to identify the direction, size, and 

statistical significance of the relationship between a predictors and responses. Regression 

equation provides ‘best’ fit line to examine how the response variable is changed by changing 

the predictor value as well as to predict the value of the response variable for any predictor value. 

The tools used in this research are coefficient of determination value (R2-value) and Pearson 

correlation coefficient.   

5. Modelling part  
5.1. Modelization technique to analyze Laplace’s law  

The compression pressure (P) is defined by the force (F) which is exerted on an area of 1 m2. From 

figure 7(a), the curvature of the leg plays a deciding role to quantify the extent of pressure on the 

surface of the human leg. This is described by Laplace’s law stating that the pressure (P) is directly 

proportional to the tension (T) of compression socks but inversely proportional to the radius (R) 
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of the curvature to which it is applied (see equation 1). Costanzo et al. [36] estimated the hoop 

stress in biological vessels using Laplace’s law mentioning that commonly wall stiffness is 

measured by interpreting the slope of total hoop stress against strain as an elastic modulus but he 

used the mathematical Laplace’s law model to estimate the hoop stress.  

 For prediction of compression pressure exerted by the circular strip, the circular strip was worn 

to the ankle portion of the wooden leg as shown in figure 7(a). To evaluate the intensity of 

compression pressure on the surface of the wooden leg at the ankle portion, it was divided the 

circular wooden leg into two halves along with a deformed circular-cut strip as shown in figure 

7(b). Each half portion of the circular cut strip when stretched and deformed width was analyzed 

and assigned the different notations describing the suppression of the cut-strip from the inner 

side. 

Figure 8 is describing the mechanism of the force of exertion from the internal side of circular 

stretched cut strips per unit area of small arc length (dL= R. dθ) 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.  

• Geometry of cylinder is axisymmetric  

• Material is isotropic 

• An axial force is assumed to be zero  

• Friction between socks and leg is neglected  

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

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

unchanged.  

• Different stretch ratio as causing a decrease in the width of the circular cut strip as shown 

in figure 7(a) is considered as deformed width (wf) 

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 shown in figure 8. It was found that pressure exerted by 

a strip on the surface of the human leg has compatibility with Laplace’s law.  

FL= Radial practical force [N] 

d= Diameter of stretched socks/wooden leg [mm] 

wf= 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 

dL= Arc length of the circular strip [mm] 

θ = Degree angle 

P= Pressure exerted per unit area [kPa] 

Due to static equilibrium condition 

∑Fy
⃗⃗⃗⃗ = 0⃗  

The total sum of forces will become 
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2F⃗ = ∫ P ⃗⃗⃗   wf R
π

0

dθ 

Where P⃗⃗  can be replaced by P. sinθ so the above equation will become 

2FL = P R wf ∫ Sinθ. dθ =  P R wf . (−1)[cos 180° − cos 0°]
π

0

 

2FL = P R wf [1 + 1] = 2 P R wf 

                                                                    FL = P R wf                                                                           (18) 

where; FL is the radial practical force of cut-strip around the leg [N], P is radial pressure [kPa], R 

is radius of wooden leg [mm], wf= deformed width [mm] of socks strip around the leg [9],[13], 

[16], [42-45]. 

 

(a) (b)   

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

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

5.2.1. Engineering stress 

The engineering measures of stress and strain notated in this research as σE are determined using 

the original specimen cross-sectional area A0. Force and extension data were obtained using a 

Testometric tensile testing device. The corresponding engineering stress and strain were calculated 

using equations 19 and 20.  

Stress (𝜎) is defined as the force per unit area of a material so engineering stress can be calculated 

as 

σE =
FL

A0
=

FL

t wi
                                                                  (19) 

FL= Tensile force applied to fabric [N], A0 =Original cross-sectional area of the fabric [mm2], t = 

Thickness of fabric [mm], wi = Width of fabric [mm] [46].  

5.2.2. Engineering strain 

In terms of cut strips, strain (ɛE) is defined as extension per unit length so engineering strain can 

be defined and calculated using 

ɛE =
 Extended length 

Original length
=  

ℓ

ℓo
−  1                                 (20) 

Equation 20 can be used to measure stretch ratio/draw ratio (λ) which is the reciprocal of elastic 

coefficients  

Draw Ratio =
 ℓ

  ℓ𝑜
= 1 + ɛE = λ                                     (21) 

where; ɛE is engineering strain, ℓ is final length, ℓo  is original length 

In case of circular loop-strip and cylindrical wooden leg, the circumferential/longitudinal/practical 

strain is the ratio of circumferential difference between leg and socks to circumference of the 

socks. Equation 20 and 22 shows the analogy between them. 

ɛE = 
CL − CS

CS
= 

CL

CS
−  1                                                  (22) 

where; ɛE; engineering strain, CL; leg circumference,  CS; circular strip circumference [7],[46]. 

5.2.3. Measurement of deformed width 

When the sock’s circular-cut strips detached from the ankle portion were donned to the wooden 

leg at the ankle portion as shown in figure 7(a) at practical elongation, the deformations in the 

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

5.2.4. Engineering modulus 

Young’s modulus, or the modulus of elasticity, is one of the most important measures of the 

mechanical properties of a material. However, it is difficult to obtain an exact stress-strain diagram 

on textile fibers even if we use the load-extension diagram as a substitute for the stress-strain 

diagram. This is because the load-extension diagram does not make a straight line and because the 

percentage of extension is so high that many difficulties occur in determining Young’s modulus. 

Generally, his modulus is measured while elongation is kept very small. 

Here, ideally, elastic material (compression socks) satisfies Hook's law so, let σE be the 

engineering stress and ɛE be an engineering strain at any point in the straight-line region of the 
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stress-strain diagram. Then, Young’s modulus E is defined as the ratio of engineering stress to 

engineering strain so we can write 

                                                                   EE =
Engineering  stress

Engineering  strain 
                                                            

                                                                     EE =
σE

ɛE
 =  

FL

A0 ɛE
                                                              (23) 

Here σE is engineering stress; ɛE is engineering strain while EE is the modulus of elasticity 

[36],[38],[48],[49], [50],[51].  

Comparing equation 18 and equation 23, we can get  

FL= FL 

P R wf = EE A0 ɛE 

PE =
EE A0 ɛE

R w𝑖
 

  PE =
2 π EE A0 ɛE  1000

C w𝑖
                                                      (24) 

where; EE is engineering elastic modulus [N/mm2], w𝑖 is initial width of strip [mm], t is thickness 

[mm], ɛE is engineering strain, C is circumference [mm] and PE is circumferential pressure 

exerted around the wooden leg [kPa]. Equation 24 is denoted as model 2 based on engineering 

Young’s modulus (E.Y.M); model 2 (E.Y.M). 

5.3. Development of model 1 (T.Y.M) in view of true Young’s modulus  

5.3.1. True stress 

The stress is calculated based on the instantaneous area at any instant of load, and then it is the 

true stress. There could exist a relationship between the true stress and engineering stress once no 

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

                         True stress =
Instantaneous load 

Instantaneous cross − sectional area 
                

                                                                   σT = 
FL 

A
                                                                                 (25) 

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

Assuming material volume remains constant 

A ℓ = A0ℓo 

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

σT =
FL Ao

A A0
=

FL ℓ

Ao ℓo
 

Using equations 19 and 21 in the above equation 

σT = σE(1 + εE)                                                                  (26) 

5.3.2. True/logarithm strain 

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

as true strain [46],[51]. 

 εT = ∫
dℓ

ℓ

ℓ

ℓo

                

                                                                    ɛT = ln(1 + εE)                                                                   (27) 
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5.3.3. True elastic modulus/Young’s logarithm modulus 

Using equations 26 and 27 

         ET =
True stress

True strain 
=

σT

ɛT
 

                                                                     ET =
σE(1 + εE)

ln(1 + εE)
                                                                (28) 

Using equations 19, equation 28 can be modified to 

                ET ln(1 + εE) =
FL(1 + εE)

A0
 

                                                                     FL =
ETA0 ln(1 + εE)

(1 + εE) 
                                                       (29) 

Equating equations 18 and equation 29, relation will become 

FL= FL 

                 
ET A0 ln(1 + εE)

(1 + εL) 
 =  P R wf 

                                                                   PT =
ET  A0 ln(1 + εE)

(1 + εE) R wf 
                                                       (30) 

Equation 30 can be named Model 1 in view of true Young’s modulus (T.Y.M) 

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

using 

R =
C

2π
 

Put the value of radius ‘R’ in equation 31, we can write  

                                                                   PT  =
2π ET A0 ln(1 + εE)1000

(1 + εE) C wf     
                                       (31) 

where; ET is true engineering Young’s elastic modulus [N/mm2], wf is deformed width of strip 

[mm], ɛE is engineering strain, C is circumference [mm] of the wooden leg at the ankle, wf is 

deformed width [mm], PT is circumferential pressure exerted around the wooden leg [kPa] based 

on the theory of true engineering Young’s modulus. Equation 31 is denoted as Model 1 based on 

true engineering Young’s modulus (T.Y.M); model 1 (T.Y.M). 

Table 6 represents the theoretical measured values comprised of measurement of engineering 

stress (σE), circumferential/longitudinal/engineering strain (εE), engineering modulus (EE) and 

deformed width (wf), true stress (σT), true/logarithmic strain (εT), true elastic modulus (ET) to 

be incorporated into modified mathematical models; model 1 (T.Y.M) mentioned as equation 31 

and model 2 (E.Y.M) as equation 24. All additional supporting calculated parametrical values are 

also given in table 4 helped to measure the values given in table 6. 

Table 6. Theoretical results of cut-strips for pressure predictions 

Code 
Engineering 

stress 

Longitudinal 

engineering 

strain 

Engineering 

modulus 

Deformed 

width on 

leg 

True 

stress  

True 

strain 

True 

modulus 

 σE εE    EE wf σT    εT    ET 

[N/mm2] No unit [N/mm2] [mm] [N/mm2] No 

unit 

[N/mm2] 

A1 0.149 0.263 0.566 44.3 0.188 0.234 0.805 

A2 0.160 0.290 0.550 43.0 0.206 0.255 0.808 



 

18  

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 

C5 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 

 

6. Results and Discussion 
In this scientific research work, the tensile properties of socks’s cut strips were statistically 

compared with experimental pressure and force at practical extension.  These tensile properties 

include; hysteresis (H), loading energy [mJ], unloading energy [mJ], and tensile linearity (TL). 

Secondly, theoretically developed models for the prediction of compression were also statistically 

equated with experimental pressure, existing models, and Laplace’s law to estimate their mutual 

significance. To determine a relationship between any of two variables, Pearson correlations (r) 

and coefficient of determination values (R2-value) were computed with a significant threshold 

set at p < 0.05. 

6.1. Force at practical extension compared to experimental pressure 

Figure 9 portrays the effect of force at practical extension on experimental pressure (Ps). The 

practical force of extension is the function of compression pressure exerted by the cut-strips. This 

function of exertion is defined mainly by Laplace’s law and various researchers. The contribution 

of the force of the practical extension to compression pressure was statistically analyzed using 

simple linear regression analysis.  

 

Figure 9. Force at practical extension compared to experimental pressure 

Statistical results shown in figure 9 has revealed that force at practical extension imparts a 

significant influence on the intensity of compression pressure. It was quantified based on the 

coefficient of determination values (R2 -value =0.9223). This R2 -value depicts that the intensity 
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of pressure exertion depends about 92.23% to the practical force of extension [N]. The regression 

model (figure 9) also comprised of the two more important coefficients explaining the nature and 

trend of the regression line. These regression coefficients are named y-intercept (0.8997) and 

slope value (0.4714). Here y-intercept value (0.8997) means the regression line intercepts the y-

axis at 0.8997 which is very closer to the origin of axes while the slope gives the rate at which 

the dependent variable can be explained by the independent variable. The slope values (0.4714) 

also indicated that experimental pressure will increase by 0.4714 kPa for every increase in 1 unit 

of force at practical extension. The correlation value between the force of practical extension and 

experimental pressure was also measured (r= 0.9603) which also shows a direct positive 

relationship between the two mentioned parameters.  

6.2. Hysteresis  

Figure 10 illustrates the statistical relationship between force at practical extension (FL), 

hysteresis (H) and experimental pressure (PS).  But it was necessary to relate how hysteresis (H) 

values of the all the socks samples explains the experimental pressure (Ps) and force at practical 

extension. Figure 10 portrayed that hysteresis value of all the samples explain 74.7% to the 

experimental pressure values.  The strength of the significance was measured on the basis of the 

coefficient of the determination values (R2 -value = 0.747) and correlation coefficient (r=0.864; 

strong positive Pearson correlation coefficient) using second order polynomial fitting line in 

regression analysis. It also portrayed that hysteresis has a very strong relationship with force at 

practical extension values. The extent of dependency was computed based on the coefficient of 

the determination value (R2 -value = 0.8297) and direction of the relationship using Pearson 

correlation coefficient (r=0.910; strong positive correlation). This shows that hysteresis values of 

all samples explain the 82.97% to force at practical extension.         

 
Figure 10. Hysteresis and force at practical extension compared to experimental pressure  

6.3. Loading energy  

Figure 11 represents the relationship between the force of practical extension (FL), loading energy 

(LE), and experimental pressure (PS). The extent of the dependency was measured on the basis 

of the coefficient of the determination values (R2 -value) and Pearson correlation coefficient (r).  
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Figure 11. Loading energy and force at practical extension compared to experimental pressure 

Higher deformation causes higher recovery of fabric to return to its original position ultimately 

increasing the intensity of compression pressure. The strength and direction of the relationship 

between loading energy (as predictor) and experimental pressure (response variable) was 

R2=0.7794 and r=0.882. While extent of the relationship between loading energy and force at 

practical extension was R2=0.8765 and r= 0.936. These R2 -value and r values represents that 

loading energy explains the experimental pressure about 77.94% and correlation value r= 0.936 

(strong positive relationship). While the force at practical extension explains the loading energy 

about 87.65%.  

6.4. Unloading energy 

Figure 12 reflected the relationship between unloading energy (UE), force at practical extension 

(FL) and experimental pressure (Ps).  

 
Figure 12. Unloading energy and force at practical extension compared to experimental 

pressure 
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It was replicated that unloading energy (UE) has a direct relationship with the experimental 

pressure (Ps) which means as the unloading energy (UE) increases the compression pressure (PS) 

value increases. Simple linear regression analysis was also conducted to observe the strength of 

the influence of the unloading energy (UE) to force at practical extension (R2 -value =0.851 and 

r= 0.922) and experimental pressure (R2 -value =0.7582 and r=0.870) by measuring the 

coefficient of the determination value and correlation. These values portray that unloading energy 

(UE) explains experimental pressure about 75.82% and to force at practical extension 85.1% 

simultaneously.  

6.5. Tensile linearity 

Figure 13 comprised of the relationship between forces at practical extension, tensile linearity, 

and experimental pressure. To understand their mutual dependency, linear regression analysis 

was conducted to quantify it.  

 
Figure 13. Tensile linearity and force at practical extension compared to experimental pressure 

 

Figure 13 portrays that the tensile linearity explains experimental pressure to 59.92% based on 

the coefficient of the determination values (R2 -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 

(R2 -value = 0.5885, r= 0.7671).  

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

law  

6.6.1. Experimental pressure compared to Model 1 (T.Y.M) and Laplace’s law  

Figure 14 represents the relationship between experimental pressure (predictor) compared to 

model 1 (T.Y.M) and Laplace’s law (responses). This relationship was analyzed using the least-

squares estimation method which derives the regression equation by minimizing the sum of the 

square of errors. Regression results help to identify the direction, size, and statistical significance 

of the relationship between a predictors and responses. Regression equation provides ‘best’ fit 
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line to examine how the response variable is changed by changing the predictor value as well as 

to predict the value of the response variable for any predictor value. 

Figure 14 represents the strength of the relationship between predictor; experimental pressure to 

response variables; model 1 (T.Y.M) based on the coefficient of determination value notated as 

R2 -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 14. Experimental pressure compared to model 1 (T.Y.M) and Laplace’s law 

Figure 14 also shows that relationship between original Laplace’s law and experimental pressure 

was analyzed using simple linear regression analysis. The extent of the relationship was measured 

based on the coefficient of determination value (R2 = 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 (R2 -value) of newly transformed model; 

model 1 (T.Y.M) is about 2% lower than original Laplace’s law when was compared to 

experimental pressure. 

6.6.2. Experimental pressure compared to Model 2 (E.Y.M) and Laplace’s law  

Figure 15 portrays the relationship between predictors; experimental pressure compared to 

response variables; Model 2 (E.Y.M) and Laplace’s law. The results based on the value of the 

coefficients (slope and y-intercept) helped to calculate the coefficient of determination values. 

Coefficient of determination values calculated between Laplace’s law and transformed model; 
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and y-intercept values. R2-value represents that both Laplace’s law and transformed model 2 

explains the 93.19% to experimental pressure results.  

 
Figure 15. Experimental pressure compared to model 2 (E.Y.M) and Laplace’s law 

 

The calculated compression pressure measured using transformed model 2 and Laplace’s Law 

are similar but in figure 15 for Laplace’s law, experimental pressure is considered on y-axis to 

show the two different regression lines separately. 

Table 7 portrays the statistical summary results of regression analysis between Model 1 (T.Y.M), 

Model 2 (E.Y.M), Laplace’s law and experimental pressure based on coefficient of determination 

values showing that newly modified model’s estimated results are very close to pressure predicted 

using Laplace’s law.  

Table 7. Regression analysis summary of experimental pressure results compared to modified 

models and Laplace’s law 

Experimental pressure  

compared to modified 

models and Laplace’s law 

Regression model 

Y= bX + a 

b; slope and a; y-intercept 

Coefficient of 

determination 

(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 = 0.9319 

Laplace’s law y = 1.0113(experimental pressure) + 0.5347 R² = 0.9319 

6.7. Comparison of existing models and experimental pressure  

Table 8 is illustrating the measured values of experimental pressure (Ps) to be compared with 

newly modified models; model 1 (T.Y.M) and model 2 (E.Y.M). Table 8 also comprised of 

pressure results calculated considering existing models developed in the past. Most of these 

models, based on the basic theory of Laplace’s law include; Hui’s model (equation 8), Ng’s model 

(equation 9), Dubuis’s model (equation 11), Leung’s model (equation 12), Jariyapunya's model 

(equation 13), Zhang’s model (equation 14), Teyeme's model (equation 15); and Laplace’s law 

(equation 1) etc. 

In this research, all existing models were compared to experimental pressure (Ps) results to 

estimate their strength of accuracy. The measured results of all models are given in table 8.  
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Table 8. Comparison of theoretical and experimental pressure values 
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A1 2.24 1.558 1.759 1.558 1.558 1.558 1.558 1.558 1.234 1.558 1.558 

A2 2.4 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 

B1 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 4.34 3.741 4.208 3.741 3.741 3.741 3.741 4.040 2.761 3.741 3.741 

C1 4.71 4.024 4.434 4.024 4.024 4.025 4.024 4.346 2.934 4.024 4.024 

C2 4.83 4.491 5.132 4.491 4.491 4.491 4.491 4.311 2.802 4.491 4.491 

C3 5.29 4.699 5.255 4.699 4.699 4.699 4.699 4.887 2.973 4.699 4.699 

C4 5.33 4.149 4.610 4.149 4.149 4.148 4.149 4.149 3.077 4.149 4.149 

C5 5.46 4.760 5.109 4.760 4.760 4.761 4.760 4.884 3.175 4.760 4.760 

C6 6.26 5.742 6.380 5.742 5.742 5.742 5.742 5.742 3.493 5.742 5.742 

C7 6.46 5.707 6.095 5.707 5.707 5.708 5.707 6.278 4.238 5.707 5.707 

The relationship between existing models; Hui’s model (equation 8), Ng’s model (equation 9), 

Dubuis’s model (equation 11), Leung’s model (equation 12), Jariyapunya's model (equation 13), 

Zhang’s model (equation 14), Teyeme's model (equation 15), and as a predictors and 

experimental pressure as (response variable) was analysed using linear regression analysis. 

Regression analysis of all existing models is discussed below simultaneously. 

Hui’s model; Figure 16 portrays the relationship between experimental pressure as predictor and 

Hui’s model as a response variable.  The strength of the relationship was quantified based on 

coefficient of determination value (R2 -value = 0.9319). This value portrays that experimental 

pressure results explain 93.19% to Hui’s model (equation 8). Table 8 depicts that Hui’s model 

(equation 8) exerts lower pressure than experimental pressure but similar values to Laplace’s law 

and modified models; model 1. These results portray that Hui’s did not incorporate any new 

parameter instead of just notational changes defining the Laplace’s law and conversion factor 

that is just for transformation from wooden leg to human leg. Regression model parameters; y-

intercept is -0.2296 while slope is 0.9216 shows the line coinciding the point on y-axis and 

steepness of the regression line.    
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Figure 16. Comparison of experimental pressure compared to Hui's model   

Ng’s Model (equation 9) was analysed for its efficacy to predict the compression pressure and 

extent of dependency on experimental pressure results using linear regression analysis (figure 

17). Using linear regression analysis, the coefficient of determination value (R2-value = 0.9318) 

which means the experimental pressure results explain 93.18% to Ng’s model. Table 8 portrays 

that Ng’s model exerts the same pressure like Hui’s model and Laplace’s law except a very small 

difference in slope (0.9217) and y-intercept (0.2303) values. The additional parameters 

introduced by Ng was the reduction ratio (Re) as a replacement of engineering strain.  

 
Figure 17. Comparison of experimental pressure compared to Ng's model  
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compression pressure incorporated to Laplace’s law claiming the modification of Laplace’s law 

but the extent the results of (R2-value) was less than Hui’s model, Ng’s model Laplace’s law. The 

regression model parameters measured using least square method were y-intercept and slope 

exhibit the values -0.6153 and 1.0239 respectively.   

 
Figure 18. Comparison of experimental pressure compared to Dubuis's model  

Leung’s Model; Figure 19 shows the statistical relationship between experimental compression 

pressure results and Leung’s model (equation 12). The extent of relationship was quantified by 

measuring the coefficient of determination value (R2=0.9187).  

 
Figure 19. 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 12) defined the tension (T) mentioned in Laplace’s law (P=T/r) as T =
F/ℓo(1 + ε) 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 (R2-value =0.9319) and model 2 (R2-value =0.9319) as well as existing 
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modes; Huis model (R2-value =0.9319), Ng’s model (R2-value =0.9318), Dubuis’s model (R2-

value =0.9223).  

Zhang’s Model; Figure 20 represents the strength of the relationship between experimental 

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

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

The strength of the relationship was calculated based on coefficient of determination values (R2 

= 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 (R2-value= 0.9319) using linear regression analysis.  This shows that experimental 

pressure explains 93.19% to Teyeme's model results (figure 21).  

 
Figure 21. Comparison of experimental pressure compared to Teyeme's model  

 

Table 8 portrays that Teyeme's model results of pressure are lower than experimental pressure 

but like Laplace’s law. In his model (equation 15), he considered that hooks law (F=-kX) is 

obeyed when socks are circumferentially stretched without considering the axial deformation.  

y = 0.9216x - 0.2296

R² = 0.9319

0,0

1,0

2,0

3,0

4,0

5,0

6,0

7,0

0,0 1,0 2,0 3,0 4,0 5,0 6,0 7,0

Z
h
an

g
's

 m
o
d
el

 [
k
P

a

Experimental pressure [kPa

Zhang's model compared to experimental 

pressure 

Zhang's model [kPa]

y = 0,9216x - 0,2296

R² = 0,9319

0,0

1,0

2,0

3,0

4,0

5,0

6,0

7,0

0,0 1,0 2,0 3,0 4,0 5,0 6,0 7,0

T
ey

em
e'

s 
m

o
d
el

 [
k
P

a]

Experimental pressure [kPa]

Teyeme's model compared to experimental 

pressure 

Teyeme's model [kPa]



 

28  

Jariyapunya's model; figure 22 represents the coefficient of determination value (R2-value= 

0.9319), y-intercept (-0.2296), and slope (0.9216) values determined by comparing the 

experimental pressure with Jariyapunya's model. R2-value measured using Jariyapunya's model 

shows the results are similar to Laplace’s law, Hui’s model, Ng’s model, Dubuis’s model, 

Zhang’s model, Teyeme's model exhibiting small variation in R2-value mentioned in figures 

16,17,18, 20 and 21 simultaneously.  

 
Figure 22. Comparison of experimental pressure compared to Jariyapunya's model 

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

models 

Experimental pressure 

compared to existing 

models 

Regression model; Y= bX + a 

b; slope, a; y-intercept and X; experimental 

pressure 

Coefficient of 

determination 

(R2- 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 R² = 0.9719 

Jariyapunya' s model y = 0.9216(experimental pressure) - 0.2296 R² = 0.9319 

6.8. Comparison of developed models and Laplace’s law  

In this scientific research, modified models; model 1 (T.Y.M) and model 2 (E.Y.M) were 

compared with the basic Laplace’s law statistically to verify their mutual authenticity, 

significance or compatibility using simple linear regression analysis tool 

Figure 23 portrays the relationship between Laplace’s law as predictor and developed models; 

Model 1 (T.Y.M) and Model 2 (E.Y.M) as response variables. The strength of the relationship 

was measured based on coefficient of the determination value (R2-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; R2= 0.9952 and R2 =1 shows 

that Laplace’s law explained Model 1 (T.Y.M) to 99.52 % while to Model 2 (E.Y.M) 100%. The 
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results proved that modified models have well approximation to original Laplace’s law.   The 

regression models (figure 23) are comprised of two main parameters; y-intercept (a) = 0.0932 

(line coincides with y-axis) and the slope, b=1.0842 value (coefficient of predictor) of Model 1 

(T.Y.M) and y-intercept (a) = 0.0 (line coincides to origin) and the slope, b=1 value (coefficient 

of predictor) of Model 2 (E.Y.M). Here the slope represents the steepness of the line.  

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

The summary results of the simple linear regression analysis between Laplace’s law and newly 

developed models are given in table 10. 

Table 10. Regression analysis summary between Laplace’s law and modified models 

Laplace’s law 

compared to  

Newly developed 

models   

Regression model; Y= bX + a 

b; slope, a; y-intercept and X; Laplace’s law 

pressure 

Coefficient of 

determination 

(R2- value) 

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 
 

7. Conclusions 
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pressure (Ps). Tensile indices especially; hysteresis (H), loading energy (LE), unloading energy 
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relationship to experimental pressure.  
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Two new mathematical models were developed by introducing the missing parameters ever 

introduced or incorporated for the prediction of compression pressure. These introduced 

parameters are true stress/true strain and true modulus along with the deformed width of ankle 

cut-strips considering the modelization technique.     

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

models.  

Developed models; model 1 (T.Y.M) and model 2 (E.Y.M) along with Laplace’s law were 

compared with experimental pressure (Ps).  Model 1 (T.Y.M) exhibits a slight less 

strength when compared to Laplace’s law. While the model 2 (E.Y.M) exhibits the similar 

strength of the relationship with Laplace’s law when was compared with experimental 

pressure.  

Existing models were also compared to experimental pressure and found that Hui’s 

model, Ng’s model, Jariyapunya’s model, Laplace’s law, and Model 2 (E.Y.M) portrays 

the similar extent of the relationship exhibiting the different regression parameters (y-

intercept and slope) values. From the existing models; Dubuis’s model portrays the 

strength higher than model 1 (T.Y.M) and slightly lower than model 2 (E.Y.M). While 

Leung’s model exhibits the strength lower than both modified models.  Statistical analysis 

between existing models and developed models also portrays that Zhang’s model and 

Teyeme’s models exhibit the higher strength of the relationship than both modified 

models. 

Developed models were also statistically compared with the Laplace’s law to quantify their 

mutual strength of significant. 

The strength of the relationship between modified models and basic Laplace’s law was 

also quantified based on the coefficient of the determination values (R2-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. 

8. Future work  
In the future work tensile indices values (hysteresis, loading energy, unloading energy and 

tensile linearity) can be incorporated to predictor mathematical models based on the theory of 

Laplace’s law.  

As a future work, the cylindrical coordinate system should be used to develop mathematical 

models for the prediction of compression pressure.    

.    
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