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ABSTRACT  

 

Compression garments used in compression therapy are now designed by rule of 

thumbs. The designer selects a suitable fabric and then applies a certain reduction 

factor to fabricate the garment. There is no guarantee that the required pressure will be 

produced.  

 

The purpose of this study is to develop a scientific and systematic method in designing 

the compression garment to achieve the required pressure. The effects of prolonged 

wear, repeated dress and undress, and multiple laundering on the garment pressure are 

studied. The anisotropic behavior of the fabrics is investigated and a double-layer 

construction approach is proposed to expand the design space. By varying the type, the 

bias angle and the reduction factor of each layer of fabrics, the double-layer 

construction can help the designer to achieve the required pressure. A formula is also 

derived for its prediction. To predict the garment pressure on an irregular body contour, 

finite element model is proposed. The nonlinear human tissue property is measured and 

the deformation before and after wearing the compression garment was specified as 

boundary condition. The model was verified by two cases, one using a silicone 

mannequin arm and the other using a genuine human arm. The simulation results at the 
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landmarks of the models are in good agreement with the measured results.  

 

In conclusion, the garment pressure can be successfully predicted by analytical 

formulae using fabric properties and simulation of a biomechanical model using finite 

element method. The compression garment can be methodically designed to achieve 

the desired pressure.  
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eσ  equivalent stress in piece-wise linear stress-strain curve 

eε  corresponding strain 
[ ]epD  stiffness matrix for nonlinear stress-strain behavior of the material 

0C  circumference of wounded area body 
'C  circumference of pressure garment with the required reduction factor 

v  average of the normal vector 

iv  vector representing the geometrical differences between the node and 
center 

v  magnitude of v  

v
∧

 unit normal vector 
σ  resultant normal stress in Equation 6.3 
σ  the stress vector on the selected area 
n number of node in Equation 6.3 
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CHAPTER 1 INTRODUCTION 

 

1.1 Background 

Compression garments are widely used in compression therapy. A compression 

garment is a tight fitting, elasticated garment worn to exert pressure on a specific area 

of the wearer. They are commonly used to tackle several types of rehabilitation 

problems, such as the healing of the hypertrophic scar after plastic surgery or severe 

burns; the prevention of varicose veins and the reshaping of body curvature.  

After receiving a plastic surgery or suffering from severe burns, the wound will 

gradually be healed by the deposition of connective tissue cells. However, hypertrophic 

scar will be formed if the development of the connective tissue is too thick. A 

compression garment is used to apply an external pressure on the wounded area to 

decrease the inflammatory response and the amount of blood in the scar and itching, 

and prevent the synthesis of collagen.  

In the case of deep vein thrombosis (DVT), the inert movement increases the 

intra-abdominal pressure and forms clot that block the blood flow in vein and 

terminate the blood circulation to the heart. To promote the continuous blood flow and 

prevent the synthesis of clot, a graduated pressure is exerted on the veins (Byrne, 2002). 
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Graduated compression stocking (GCS) is designed for such purpose and can prevent 

the occurrence of venous and lymphatic disease on lower extremities due to long flight. 

The deterioration of the body contour is a nightmare to many women. It is 

found that a slight garment pressure can maintain the body contour by smoothening the 

abdomen of wearer, sliming the waist and lifting up the hip to achieve the beautify 

purposes. Therefore, intimate apparel and girdle emerge to perform such function. 

Apart from reshaping the body figure, many pregnant women also wear girdles to 

protect and support their baby and internal organs, such as reproductive organs and 

urinary bladder.  

The magnitude of pressure exerted by the compression garments is crucial to 

achieve the aforementioned functions. The compression garment must provide the 

specific pressure for the intended purpose. Currently, there are only two tools in the 

designer’s toolbox to fabricate a compression garment. The first tool is the selection of 

an elastic fabrics based on the range of pressure required. Not many types of elastic 

fabrics are readily available and the choice is limited. The second tool is the way of 

sewing the selected fabrics to fabricate the compression garment. The garment is 

purposefully made not to fit the body part of the wearer exactly but is made smaller so 

that it needs to be stretched to wear and thus exerts a pressure on the wounded area. 

The percentage value at which the garment’s dimension is being reduced is called the 
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reduction factor. From literature, the reduction factor normally varies from 5% to 20% 

(Ng, 1993; Macintyre and Baird, 2006; Macintyre, 2007; Macintyre et al., 2007). 

However, different people have different tissue properties and it is difficult to use a 

single reduction factor to achieve the same applied pressure for different people. Even 

a very experienced designer cannot avoid the trial-and-error process in fabricating a 

suitable compression garment for the wearer. 

In the design process, no attention had been paid to the possible change of 

garment properties with time. To heal hypertrophic scars, the patient is recommended 

to wear the compression garment not less than 23 hours per day. However, there was 

little study on the possible occurrence of stress relaxation. A loosened garment will not 

achieve the desired therapeutic effect. The wearer dresses and undresses the garment 

daily and therefore the garment is under cyclic loading. How such cyclic loading 

would affect the garment properties was not investigated. Furthermore, the garment is 

washed periodically with or without detergents. How such washings would affect the 

garment properties was little studied. Therefore, it can be said that the designer not 

only lacks powerful tools in designing and fabricating a suitable compression garment, 

but also lacks tools in ensuring that the garment will produce the same pressure during 

its service life. 
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From the above discussions, it can be seen that the current practice of designing 

a custom-made compression garment with an accurate applied pressure relies too much 

on the experience of the designer or therapist. In addition, there are too few parameters 

that the designer can vary, only the choice of elastic fabric and the single reduction 

factor. It will be of great help if the designer’s toolset can be expanded. Firstly, it is a 

well-known fact that elastic fabric’s mechanical properties are anisotropic. If the 

garment designer can make use of such variation of garment properties in garment 

design, the range of pressure that can be achieved with the available types of fabrics 

will be extended. Secondly, if two or more different fabrics are overlaid to make the 

garment, it may produce pressure values that are up to now unattainable. Thirdly, if an 

accurate mathematical model of the compression garment and a biomechanical model 

of the human body part can be built to simulate the interfacial pressure between body 

surface and the garment, then the most suitable compression garment can be designed 

given the wearer’s human tissue property and the fabric property data. Fourthly, if the 

possible change of fabric property due to prolonged wearing, repeated dressing and 

undressing, repeated washing with or without detergents, etc are studied and 

understood, they can also be incorporated in the modeling process to yield better 

simulation results. With these tools, the design of compression garment will become 
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more systematic and less experience-dependent. The garment will be more comfortable 

to wear.  

 

1.2 Objectives 

The major objectives of this research are: 

1) To investigate the anisotropy in mechanical properties of three elastic fabrics 

that are commonly used in Hong Kong to make pressure garment, graduated 

compression stocking and girdle; 

2) To investigate the possible change in mechanical properties of three elastic 

fabrics that are commonly used in Hong Kong to make pressure garment, 

graduated compression stocking and girdle due to various types of treatments, 

such as multiple laundering, prolonged wearing and repeated dressing and 

undressing; 

3) To establish a theoretical model that can predict the garment pressure 

mathematically given the tangent modulus, fabric thickness, reduction factor 

and the body curvature;  

4) To develop a biomechanical model that includes the nonlinear and the human 

tissue properties; and 
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5) To develop a finite element model for predicting the pressure distribution of the 

human body after wearing a compression garment.  

 

1.3 Engineering Significances 

The results revealed by experiments on the anisotropy in mechanical properties of 

elastic fabrics and on the overlay of fabrics expand greatly the design space of 

compression garment. Cutting the same fabric at different orientations can produce 

garments at different pressure. Adding to it the possibility of overlaying two or more 

different fabrics yields many pressure values for the designer to select.  

The results revealed by experiments on the change of fabric properties after 

various treatments may also lead to a dramatic change in current practices. The fabrics 

may be pre-washed or undergo certain pre-treatments before being sold or being made 

into compression garment. The pre-treatment will stabilize the fabric properties so that 

the compression garment will maintain its therapeutic effect even after long period of 

service.  

The biomechanical model and the simulation results will assist the designer to 

evaluate the effectiveness of the garment-to-be on the wearer-to-be. The trial-and-error 

design process can be largely eliminated. The pressure distribution can be foreseen and 
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a better compression garment can be designed systematically and objectively. Even an 

inexperienced therapist can design and fabricate a suitable garment for the wearer.  

 

1.4 Scope of Works  

To achieve the objectives, the following tasks were completed. 

1) The works done by other researchers on compression garment, computational 

modeling and analysis on garment pressure were reviewed. 

2) The anisotropic mechanical properties of the fabrics of compression garment 

were examined.  

3) The change in mechanical properties of the fabrics of compression garment 

under different treatments, such as multiple laundering, prolonged wear and 

repeated dress and undress were examined.  

4) The human body contour of a human subject was scanned for modeling 

purpose. The human tissue properties of the human subject were also measured.  

5) A biomechanical model was developed and simulations were carried out. 

6) Experiments on a human subject were conducted to verify the model’s 

accuracy.  
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1.5 Organization of this Thesis 

This thesis is divided into six chapters: 

Chapter 1 first introduces the background of the research problem and then 

gives the objectives of this research project. Its engineering significances are pointed 

out. The works that was carried out to achieve the project objectives is listed.  

Chapter 2 reviews previous studies on different aspects of the research problem. 

Earlier related research works on the investigation of mechanical properties of fabrics, 

the use of compression garments in compression therapy, measurement of garment 

pressure, construction of biomechanical models, and simulation of pressure 

distribution produced by compression garment are reported and discussed.  

Chapter 3 discusses the experiments conducted to examine fabric anisotropy 

and the factors that influence the garment pressure. The double-layer construction is 

also discussed.  

Chapter 4 details the finite element model used to predict garment pressure 

Chapter 5 discusses the experimental results on the fabrics properties after 

treatments and suggests a theoretical model in designing a compression garment 

systematically. The simulation results of wearing a compression garment on a 

mannequin and a human subject are also discussed.  

Chapter 6 concludes the research project with a summary of achieved 
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objectives and some recommendations.  
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CHAPTER 2 LITERATURE REVIEW  

 

2.1 Introduction 

In compression therapy, a certain pressure is applied on a specific area of a human 

subject by wearing a tight elastic garment that is called a compression garment either 

to achieve a therapeutic purpose or improve the body contour. It has been widely used 

in (i) reshaping the body figure; (ii) preventing venous disease; (iii) healing the scars 

after severe burns or plastic surgery; or (iv) enhancing the performance of athletes. In 

such treatments, it is crucial that the garment can exert the appropriate pressure. In 

Section 2.2 to Section 2.3, the current practice in compression therapy and method of 

designing the compression garment are reviewed. It is also important to understand the 

properties of the elastic fabrics used in making the compression garments, and earlier 

researches on fabric properties, especially those of the compression garment, are 

reviewed in Section 2.4.  

 As mentioned above, the garment pressure is crucial in treatments and earlier 

attempts made on its measurement as well as prediction by empirical formula and 

computational models are reviewed in Section 2.5. The measurement of human tissue 

properties and three-dimensional body data carried out by earlier researches are 

reviewed in Section 2.6. In Section 2.7, a summary of the methods and sensors that are 

adopted in this study after conducting the literature survey is presented. 
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2.2 Compression Therapy 

Compression therapy has long been used in healing hypertrophic scarring or venous 

and lymphatic disorders by wearing pressure garment, stocking or bandage to exert 

pressure on a specific area. The pressure garment facilitates the process of reducing the 

collagen production to the normal level by limiting the blood, oxygen and nutrient flow 

to the scar tissue. It prevents the accumulation of collagen; the exerted pressure assists 

the realignment of collagen bundle to avoid the formation of scar. Many studies were 

conducted on the effectiveness of compression therapy in treating hypertrophic scars. 

Robertson et. al. (1980) reported that a suitable pressure applied on the wounded area 

could avoid the occlusion problem of capillaries or veins and minimize the tourniquet 

effects and chafing. They recommended that pressure therapy should start as soon as 

possible to prevent the growth of hypertrophic scar. Ward (1991) suggested that 

pressure therapy was the most conversant non-surgical method in controlling the 

hypertrophic scar formation after severe burns. Compressive therapy could even 

reduce the formation of scar on thorax for infants with pulmonary problem (Bourget, 

2008). 

 Other than controlling the hypertrophic scar after burn, compression therapy 

also has wide applications in healing other problems. It was used in the treatment of 

deep vein thrombosis (DVT), leg ulcers, thromboembolic prevention, edema prevent in 
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pregnancy, long and microgravity flights, etc. (Ramelet, 2002). Applying enough 

pressure on capillary can accelerate the flow of blood in vein and arterial; and the flow 

of lymphatic fluid in lymph. The edema, venous pumping and lymphatic drainage can 

be improved. Blättler (2008), Leopardi et. al. (2009) also reported that compression 

therapy was effective in treating venous disease. Leopardi (2009) compared the safety 

and effectiveness of compression therapy with sclerotherapy. He discovered that 

compression therapy had less adverseness than sclerotherapy. On the other hand, 

compression therapy had equal efficiency in treating varicose veins after a two-year 

follow-up with the patient.  

 

2.3 Review on Compression Garments  

Compression garments can be categorized into pressure garment, graduated 

compression stocking and girdle. In this section, their therapeutic functions, exerted 

pressure levels, mechanical properties, and unsolved issues are reviewed. 

 

2.3.1 Pressure Garment  

Compression garments worn by patients to heal the wound after burn or after plastic 

surgery are called pressure garments. The pressure garment is worn at least 23 hours 

everyday and sometimes for a period of more than one year depending on the severity 
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of the burns. It performs the function of the normal skin and exerts a certain pressure 

on the wounded area to prevent the formation of hypertrophic scar. Healing is achieved 

by the reduction of collagen formation via the control of blood supply to the scarring 

(Ward, 1991; Ng, 1993; Macintyre and Baird, 2006).  

 The pressure exerted on the scar is decided by the doctors or occupational 

therapists. However, no common agreement is reached among the practitioners and 

researchers on the value of pressure to be applied. Macintyre and Baird (2006) 

reviewed that the pressure recommended could vary from 5 to 40 mmHg. The matter is 

made more complicated when Ward (1991) and Gallagher et. al. (1992) suggested that 

the duration of wear could affect the pressure value provided by the pressure garment. 

A small pressure could have the same effectiveness as the large pressure when being 

worn for a long period of time.  

 To fabricate a pressure garment for a patient, all required dimensions of the 

wounded body part are measured. Based on the subjective judgment of the therapist, 

all dimensions are reduced by a certain percentage and the paper patterns of the 

pressure garment are drawn. This percentage value is called the reduction factor. 

Normally, a reduction factor from 5 to 20% would be applied on different body parts to 

acquire the presumed pressure (Ng, 1993; Macintyre and Baird, 2006; Macintyre, 2007; 

Macintyre et. al., 2007). Pressure garment fabric patterns in the same size and shape of 
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these paper patterns are cut and sewn together to form a piece of pressure garment. The 

pressure garment is expanded when being worn and it is expected that the desired 

pressure will be exerted on the wounded area. 

 This current approach of adopting a single reduction factor is difficult to 

achieve the desired pressure over the entire covered area because the body part is not 

cylindrical with a single diameter. The circumference of the wounded body part is 

varying continuously along the body. Moreover, different wearers have different tissue 

properties. A single reduction factor can hardly assure the pressure exerted is the same 

even if the body curvature is identical. Therefore, the wounded body part experiences a 

wide range of pressure exerted by the garment and the healing effect may be affected.  

 If the pressure was excessive or insufficient, the patient might experience some 

unexpected side-effects. As reviewed by Macintyre and Baird (2006), the dietary 

carbohydrate absorption, rectal temperature and blood pressure were affected by 

unbalanced pressure exerted on the body. The muscle contraction and relaxation, and 

blood flow would be obstructed by excessive garment pressure.  

Fricke et. al. (1999) and Rappoport (2008) reported that if an excess amount of 

pressure was applied on the child patient with facial burn, the dental or skeletal had a 

risk to be disturbed for growth. Similar problem was also found by Ram et. al. (2001). 

They studied the effect of pressure therapy for an adult after orthodontic surgery. The 
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patient was exerted with an excess pressure by a pressure garment designed in 

conventional manner. A serious dental deformation resulted after wearing the pressure 

garment.  

 

2.3.2 Graduated Compression Stocking (GCS) 

Any stocking that could apply different degrees of static compression to the segment of 

leg could be treated as Graduated Compression Stockings (GCS). GCS is used in the 

treatment of deep vein thrombosis (DVT), varicose vein, prophylaxis, venous disorder, 

etc on the lower extremities (Ramelet, 2002; Dai and Li, 2006; Byrne, 2002; Hirai et. 

al., 2002; Liu et. al., 2005; Liu et. al., 2006; Ghosh et. al., 2008). 

 Byrne (2002) reviewed the causes of DVT that the inert blood movement 

increased the intra-abdominal pressure. The formation of clot in such condition would 

block the blood flow in vein and terminate the circulation to the heart. This often 

happens to pregnant women. By wearing GCS, continuous movement of the blood can 

be promoted to prevent the clot formation. A slight pressure exerted by the GCS on the 

leg, normally from ankle to the knee or thigh acted like a pump to force the blood keep 

flowing to prevent the risk of DVT. However, an abnormal change of pressure 

provided by GCS would restrict the blood flow instead. The pressure exerted by the 

GCS should be precisely monitored and designed. Moreover, the body position and 
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circumference would also affect the pressure applied by the stockings. 

Ramelet (2002) divided GCS into four classes according to their exerted 

pressure level: i) 15 – 21 mmHg for minor varicose veins; ii) 23 – 32 mmHg for 

patient after surgery or more severe varicose veins; iii) 34 – 46 mmHg for leg ulcer; 

and iv) over 49 mmHg for lymphoedema. Hirai et. al. (2002) also did some 

experiments on identifying the effective pressure for patients with varicose veins. The 

seriousness of oedema was minimized by increasing the pressure of GCS, especially 

when the pressure was greater than 30 mmHg. Leopardi (2009) reported that higher 

pressure had better effects than lower pressure for superficial and deep venous 

incompetence. In his study, the patient had the liquid sclerotherapy of lateral thigh 

telangiectasias disappeared after wearing GCS for three weeks.  

 

2.3.3 Girdle 

Compression garments used by women to reshape or rectify their body figure are 

called girdles (Watanuki, 1994). Similar to pressure garment and graduated 

compression stockings, a girdle exerts certain pressure to the patient to achieve the 

purpose of body shaping. A good girdle must not only be capable of reshaping the 

wearer’s body figure as desired, but also be comfortable to wear. Moreover, it must not 

affect the wearer’s blood circulation. 
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 Makabe et. al. (1991) conducted an experiment on determining the relationship 

between the pressure applied and the comfort of the wearer. They found that when the 

pressure was higher than 30 mmHg, the respondents would feel discomfort. Chan and 

Fan (2002) also reported that the pressure exerted by the girdle would directly 

influence the comfort of wearing. They measured the pressure exerted by the girdle at 

different positions to study the correlation between clothing pressure and subjective 

tightness feeling. The results were represented in terms of tightness rating. This rating 

was found not only related to the garment materials, but also related to the body size, 

the human fat, the resilience of muscle and the human bone structure. There was a 

moderate linear relationship between the tightness rating and the logarithm of clothing 

pressure. 

 Watanuki (1994) studied the effects of girdle pressure on the blood circulation 

of the wearer at different postures. The cardiac output would decrease when the 

pressure exerted was significantly greater than 20mmHg at supine position. The 

cardiac output decreased as the blood return in vein was disturbed. The capillary and 

venous pressure increased and caused the size of leg increased accordingly. The rise in 

venous pressure affected the efficiency of clearing waste products from organs to veins 

and would endanger the body health instead of beautifying the body figure. Thus, the 

design of girdles was important to avoid such detrimental effects.  
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2.3.4 Compression Sports Wears 

Wearing compression garment can also improve sporting performances. Doan et. al. 

(2003) and Chatard et. al. (2004) reported that athletes could enhance their 

performances and alleviate low back pain by wearing compression garments. In the 

experiment conducted by Doan et. al. (2003), the compression garment had a reduction 

factor of 15%. In the study by Chatard et. al. (2004), the pressure was between 8 and 

18 mmHg, similar to that of GCS. After wearing compression shorts, muscle 

oscillation was significantly reduced in height jump landing and the height of vertical 

jump was increased. The sporting performance of athletes was enhanced dramatically. 

Similar result was found in the study by Chatard et. al. (2004), the concentration of 

lactate in the muscle could be minimized by wearing compression stocking. The 

pressure exerted on the body increased the blood flow in vein, which cleared the 

lactate and increased the oxidation in muscle. Sport performance for anaerobic exercise 

can be further improved. 

 

2.4 Common Features of Fabrics  

2.4.1 Type of Fabrics  

Fabrics are manufactured assemblages of fibers or yarns that have substantial surface 

area in relation to thickness and sufficient mechanical strength to give the assembly 
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inherent cohesion. The nature of the yarn arrangements determines the type of fabric 

structure and fabrics are categorized into woven and knitted fabrics. Compression 

garments are commonly fabricated by knitted fabric, whose mechanical properties are 

crucial in affecting the pressure provided by the compression garment. Many 

researchers had investigated the fabric properties of woven and knitted fabrics. In this 

section, a brief description on the two types of fabrics and their different tensile 

properties is provided  

 

2.4.1.1 Woven Fabric 

Conventional woven fabrics consist of two sets of yarns mutually interlaced into a 

textile fabric structure. The threads that run along the length of the fabric are called 

warp, while the threads that run along the width of the fabric from selvedge to 

selvedge are referred to as weft. By varying the interlacing system of the yarns, a wide 

variety of fabric constructions can be made (Tortora, 1992). Figure 2.1 shows the plain 

weave pattern of a woven fabric. The lengthwise direction is called the warp direction; 

while the crosswise direction is called the weft direction. Any direction other than the 

lengthwise and crosswise is defined as the bias direction. The mechanical properties of 

woven fabrics are anisotropic and inhomogeneous. The stiffness changes continuously 

as loading increases. Figure 2.2 illustrates the performance of the woven fabrics in a 
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tensile test. The slope of the initial section is not as steep as the subsequent part. This is 

because of the frictional resistance to the thread. Afterwards, the increase in stiffness is 

resulted when the resistance is overcome. The force at this moment is used to de-crimp 

the thread. Finally, further increase of the slope is mainly governed by the 

load-elongation properties of the fabric and the tangent modulus can be determined 

within this strain range.  

 
 

Figure 2.1 Woven fabrics1  Figure 2.2 Force-strain curve1 

 

2.4.1.2 Knitted Fabric 

Knitted fabrics are constructed by the intermeshing loops of single set of yarns. Similar 

to the woven fabric, wale and course represent the lengthwise and crosswise directions 

                                                
1 DAI, X.Q., CHOI, K.F. and LI, Y., 2006. Fabric mechanics. In: Y. LI and X.Q. DAI, eds, 

Biomechanical engineering of textiles and clothing. 1 edn. UK: Cambridge: Woodhead Publishing ; 

Boca Raton, Fla. : CRC Press, 2006, pp. 52-71. 
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respectively. There are two types of knitted fabrics, warp knits and weft knits, as 

shown in Figure 2.3(a) and (b) respectively. The yarns are nearly lined in the same 

direction of the fabrics. For the weft knits, the yarns are lined perpendicular to the 

fabrics production.  

  

(a) (b) 

Figure 2.3 Knitted fabrics of (a) warp knits; (b) weft knits2 

 

Both knitted and woven fabrics produce similar trends of tensile behaviors as 

shown in Figure 2.4. In this figure, it can be seen that intra-yarn friction at (a) is most 

influential at the initial stages of both curves and static friction must be overcome in 

order to initiate sliding of long fibers past one another. For both fabrics, the next major 

regions (b) and (c) are caused by bending and twist resistance. Friction is still present 

at these regions but is in the form of a lower dynamic frictional force. Owing to its 

                                                
2 DAI, X.Q., CHOI, K.F. and LI, Y., 2006. Fabric mechanics. In: Y. LI and X.Q. DAI, eds, 

Biomechanical engineering of textiles and clothing. 1 edn. UK: Cambridge: Woodhead Publishing ; 

Boca Raton, Fla. : CRC Press, 2006, pp. 52-71. 
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structure, a knitted fabric has more curved yarn to extend whereas a woven fabric has 

far fewer. For knitted fabrics, inter-yarn slip (d) also contributes to the shape of the 

curve in this central region until the forces at the yarn crossover points become too 

large. At the final stage, there is no doubt that yarn elongation occurs throughout the 

entire fabric extension and it becomes the most dominant at the latter parts of the 

curves. 

 
Figure 2.4 Textile fabric force-displacement curves3 

 

2.4.2 Characteristics of Fabrics  

It is obvious that different fabrics have different mechanical properties, but even for 

the same fabric, the properties may also change (i) along different bias direction, (ii) 

after prolonged use, (iii) after repeated dressing and undressing, or (iv) after multiple 

                                                
3 DUHOVIC, M. and BHATTACHARYYA, D., 2006. Simulating the deformation mechanisms of 
knitted fabric composites. Composites Part A: applied science and manufacturing, 37(11), 1897-1915. 
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laundering. All these factors will affect the design of compression garment. There was 

also an attempt on multi-layer construction of garment to produce higher garment 

pressure. In the following sections, earlier related researches are reviewed.  

 

2.4.2.1 Anisotropic Behavior 

In the warp and weft directions, biaxial woven fabrics exhibit good dimensional 

stability leading to more balanced properties in the fabric plane. At other angles, the 

fabric properties vary. Kilby (1963) studied the anisotropic properties of woven fabrics 

by loading it at various bias angles. The stress-strain curves were plotted and the 

Young’s and Shear modulus were represented by mathematical models. Lo (2001) 

studied the fabric mechanical properties of apparel and industrial woven fabrics under 

bending, tension, shear and drape at various directions. Mathematical models were 

constructed to predict the anisotropy of these fabric properties. Ng et. al. (2005) 

modeled the anisotropic stress-strain behavior of woven fabrics by a nonlinear 

approximation function. The tangent modulus at a defined angle was expressed in 

terms of the tangent modulus in warp and weft directions. The fabric stress at any 

given bias angle and strain could be determined from the tangent modulus. Gautier et. 

al. (2007) studied the anisotropic behavior of needle punched non-woven fabric in two 

preferential directions. The fabric oriented in weft direction was deformed dramatically 
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under tensile loading when the initial marked position and final marked position were 

compared. 

 

2.4.2.2 Stress Relaxation  

Stress relaxation is observed in compressed fabrics as they contain viscoelastic yarns. 

It will lead to pressure degradation and thus affect the effectiveness of compression 

therapy. 

This stress relaxation problem of the pressure garment was studied by Ng 

(1994). In the experiment, all samples had relaxed their stresses significantly. The 

degree of stress relaxation would also increase upon lengthening the time that a sample 

was under stretch. 

Geršak et. al. (2005) also found that fabrics containing high percentage of 

elastic yarns had serious stress relaxation problem under constant deformation. In the 

studies by Šajn et. al. (2006), the fabrics under elongation experienced the greatest 

percentage loss of stress in the first 15 minutes. The higher was the fabric elasticity, the 

longer was the relaxation time. The results also agreed with those of Ng (1994) that the 

longer was the period of deformation, the higher was the loss of stress.  
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2.4.2.3 Multiple Laundering 

A garment will be washed many times either by hand or by machine during its product 

life. After laundering, the most common problem that may appear is shrinkage, which 

will affect the mechanical property of the garment. Although many researchers (Collins, 

1939; Munshi et. al., 1993; Ng, 1994; Macintyre et. al., 2007) had studied how 

laundering would affect the structure and performance of different types of fabrics, 

very few were on compression garments.  

Collins (1939) proposed that fabric shrinkage was due to swelling in fabrics. 

Cotton products were washed and dried. The diameter of cotton fiber increased 

dramatically from dry to wet circumstance. If the separation between two swollen 

crossing weft threads remained unchanged, the warp yarns must become longer and 

under stretched. A larger force was required to elongate the yarns. After several dry and 

wash cycles, the great change in threads by the swelling force would be optimized by 

the readjustment of local strains in the structure. Space between the yarns would be 

developed again after drying that allowed the fabric to stretch in a small percent for 

further shrunk in wet condition. The study by Collins strongly suggested that fabric 

structure would change after washing and would affect the mechanical properties. 

Munshi et. al. (1993) studied the mechanical properties of apparel fabric after 

laundering. It was found that the use of detergent would reduce the surface tension and 
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allow water to penetrate into the fabric structure easier, thus speeding up the change of 

mechanical properties of the fabrics. This explains why therapists do not recommend 

the patients to use detergent to wash their compression garments.  

Ng (1994) did an experiment on how the stress of a pressure garment would 

deteriorate after several washings. Results similar to those of Collins’s study were 

obtained. The shrinkage of the garment increased with the number of washings. The 

garment would hardly recover to its original length after deformation. That meant the 

garment would exert a smaller pressure on the patient. However, it was also found that 

the pressure would reach a steady value after several washes. 

 Macintyre (2007) had conducted a number of washing tests on pressure 

garments. The garments were washed under different conditions: with detergent and 

moisturizer, by hand, or by machine. The garments were then tested for their 

performance under extension. After wearing the pressure garment for 5 minutes, the 

pressure had dropped significantly. The extension of elastic garment would cause a 

dramatic deterioration on pressure. Besides, after several washings, the study found 

that the greater the reduction factor applied, the larger and more rapid would be the 

loss of tension exerted by the pressure garment. The use of moisturizer had little effect 

on maintaining the tension of the pressure garment. Contrary to common belief, the 

fabric properties after hand wash and machine wash were nearly the same. 
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The laundering effect to fabrics cut at different bias angles has not been studied. 

It is unknown that whether the laundering effect will be attenuated or amplified if the 

fabric is cut at a certain bias angle. In order to exploit the variation of fabric properties 

at bias direction in designing pressure garments, experiments on the effect of 

laundering must be conducted.  

 

2.4.2.4 Multi-Layer Construction 

Other than changing the reduction factor or type of elastic fabrics to adjust the pressure 

exerted by a pressure garment, some studies (Roberson et. al., 1980; Hui and Ng, 2001; 

Macintyre and Baird, 2006) suggested that the pressure could be increased by double 

or multi-layer construction. Roberson et. al. (1980) varied the number of layers of 

fabrics used to construct a bandage and compared the bandage pressure on limb. A 

double-layer bandage would nearly double the pressure exerted by a single-layer 

bandage. Therefore, the pressure range provided by the bandage could be widened by 

increasing the number of layers. Macintyre and Baird (2006) also reported that higher 

pressure could be achieved by increasing the number of fabric layers used to make 

pressure garment. The potential of multi-layer construction is still under-explored. 
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2.5 Garment Pressure Evaluation Methods  

Since the pressure exerted by a compression garment is crucial in a treatment many 

researchers had searched for or developed various methods to monitor or estimate the 

interface pressure generated by the compression garment. Basically, the methods can 

be divided into either sensing methods or mathematical methods. In the following 

sections, such methods proposed by earlier researchers are reviewed.  

 

2.5.1 Sensing Methods and Pressure Sensors  

Different pressure sensors were employed to verify the pressure applied by the 

compression garment and the researchers had adopted either an indirect or direct 

approach in measurement. 

 In the indirect approach only the interfacial pressure between the garment and 

skin was measured. In an early study, Tokuda et. al. (1978) used a small rubber air 

cushion as a pressure sensor. Two electrified pieces of platinum wire were embedded, 

at right-angles, to each other inside the air cushion. The air cushion was inserted 

between the clothes and the human skin and inflated to such a state that the pneumatic 

pressure just broke the electrical contact. Hence, the pneumatic pressure inside the air 

cushion was able to indicate the clothing pressure. Ito (1993) further assessed the 

applicability of the air bag system for measuring clothing pressure by using a rigid and 
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elastic cylindrical model. He found that the air volume and the temperature had an 

effect on the output pressure value. The curvature and the type of model would also 

influence the measurement. Similar approach was adopted in measuring the interfacial 

pressure between a model leg and medical compressive stockings (MCS) by Gaied et. 

al. (2006). A pneumatic sensor, SIGaT® was installed in a plastic box that allowed air 

to flow through it constantly. When the increase of the slope of measured pressure 

changed from steep to gentle, that change of slope was the compressive pressure 

exerted by the MCS. 

 Gyi et. al. (1998) commented that the pneumatic and hydraulic methods 

required complicated set-up resulting in a relatively large thickness in measuring the 

interfacial pressure. Chan and Fan (2002) used the commercial SD500 digital skin 

evaluator (Talley Group Limited, England) to measure the clothing pressure of girdle. 

The evaluator employed a balloon type sensor with air and platinum wires inside. 

However, the sensor used was 10cm in diameter and thus the reading obtained could 

not represent the point loading.  

 Mitsuno et. al. (1991) measured the clothing pressure by using a hydrostatic 

pressure-balanced method.  The method employed a small, flat pressure detector 

(pouch), which was made of an inelastic polyethylene membrane filled with distilled 

water.  The pouch was able to establish flat contact with clothes in the measured 
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region of the human body. The pressure developed at the pouch was transmitted to a 

pressure transducer via a slender tube. Employing similar principle, Makabe et. al. 

(1991) used a multi-pressure sensor with a liquid pack manometer sensor. The induced 

garment pressure caused a hydrostatic pressure difference of the liquid inside the pack 

and the manometer measured the pressure difference. 

 Mann et. al. (1997a and 1997b) proposed the Iscan system to measure the 

interface pressure. The sensor was ultra-thin with a thickness of only 0.007 inch and 

was connected to a computer for reading the result in real time. The size of the sensor 

allowed the sensor to be inserted without expanding the pressure garment during 

measurement. The system had hundreds of sensing locations and could record the 

pressures at the same time.  

 Shimizu et. al. (1998) used semiconductor pressure sensors to measure the 

distributions of the clothing pressures on the knee and hip in slacks while the wearer 

was performing repeated actions. The diameter and thickness of sensing devices were 

only 6mm and 1mm respectively. When the sensing element experienced uni-axial 

stress, the electrical resistance would change and the signal would be transferred to the 

pressure sensing system. In recent researches, Kikuhime pressure sensor (TT 

Meditrade, Denmark) was used in determining the pressure by connecting it to a water 

column. VandenKerckhove et. al. (2007) reported the reproducibility and validity of 
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the sensor and Tanner et. al. (2001, 2002, 2006) obtained a linear relationship against 

the water column measurement.  

 “Textilpress” was another electronic pressure sensor introduced by Maklewska 

et. al. (2007). Based on the Laplace Law, the radius of curvature of the subject being 

tested and the interfacial pressure were measured concurrently. Three sets of gauges at 

three independent locations were used to measure the pressure. The sensing area was 

70 ×  50mm with a pressure range of 0.63mmHg to 0.77mmHg. However, the sensor 

was only tested for regular shaped subject only. 

 Flexiforce® (Tekscan, Inc., USA) was a commercial sensing system for 

garment pressure measurement. The FlexiForce sensor was an ultra-thin (0.008 inch) 

flexible printed circuit which was able to detect a relative change in force. The 

substrate consisted of one layer of conductive material of silver followed by a layer of 

pressure-sensitive ink. Adhesive was then used to laminate the two layers of substrate 

together to form the force sensor. The active sensing area was defined by the silver 

circle on top of the pressure-sensitive ink. The sensor acted as a force sensing resistor 

in an electrical circuit. The working principle of the sensor was that an increase in 

force would cause a decrease in contact resistance. The force sensor had very high 

resistance and the resistance would decrease upon loading. The advantage of the sensor 

was the simplicity in constructing the read-out circuit. Yu et. al. (2004) used the 
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Flexiforce sensor to measure the garment pressure in their research project. They 

developed a soft mannequin for the evaluation of pressure garments on human body. 

The interface pressure between the garment and the mannequin was correlated with the 

interface pressure between the garment and the human subject. 

 Another commercially available pressure sensing system was the Novel’s 

Pliance system (Novel GMBH, Germany), introduced by Lai and Li-Tsang (2009), 

which offered pressure distribution measurement between soft and curved surfaces. 

The system comprised flexible measuring sensors, a multi-channel analyzer, a 

calibration device and a software package running on a personal computer. The Pliance 

system had capacitive transducers arranged in a matrix configuration. The working 

principle of the method (Ashruf, 2002) was based on the change of capacitance. Each 

capacitor was formed by two small parallel conducting plates attached to the two sides 

of a large non-conducting elastomer sheet. A matrix of capacitors was thus formed on 

the elastomer sheet. The capacitor plates would move closer when pressure was 

applied and the capacitance value would increase. The advantage of the capacitive 

method was that the output was generally less sensitive to temperature and humidity 

effects. As the elastomer sheet was flexible and each sensing capacitor was sufficiently 

small, it was possible to obtain an inhomogeneous pressure profile with good accuracy. 

 The above methods all measure the interface pressure between the pressure 
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garment and the skin. Giele et. al. (1997) argued that the pressure experienced by the 

subcutaneous tissue might not be equal to the value measured in such interface 

pressure measurement systems. They proposed a direct measurement system to 

measure the pressure in depth to the cutaneous layer of the patient. Needles were 

inserted under the subdermal tissue and a pressure transducer connected to the needles 

would monitor the values. The pressure exerted on the subcutaneous tissue could be 

measured directly. They found that the interface measurement method would 

over-estimate the pressure at soft tissues but under-estimate the pressure in the bony 

sites. Although the direct method is more accurate, the sensors will cause an 

unnecessary pain to the patient and therefore is not popular.  

 

2.5.2 Mathematical Methods  

Besides the abovementioned studies on measuring the garment pressure by various 

types of sensors, there were many studies in its estimation by various mathematical 

methods. Mari et. al. (1992) proposed a linearizing method of predicting the pressure 

in wearing any of four types of panty hose. The linearizing method estimated the fabric 

tensions in the wale and course directions under biaxial deformations and the values 

were linearized to a transformed strain which could be expressed by a linear equation. 

By measuring the strain in the two directions, the bi-axial force could be calculated and 
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the wearing pressure could be estimated. 

 Many researchers (Macintyre et. al., 2004; Maklewska et. al., 2006; Macintyre, 

2007; Seo et. al., 2007; Yildiz, 2007) had studied the pressure delivery in compression 

garment by using the Laplace Law, which was originally used to compute the surface 

tension on liquid droplets but was modified to estimate the garment pressure by 

dividing the fabric tension with the radius or curvature of the body. Seo et. al. (2007) 

further applied the Laplace equation in maximum and minimum principal directions to 

estimate the interfacial pressure. It was found that the Laplace law was valid when 

applied to cases of cylindrical shape or cases where the circumference was less than 

30cm. It was hard to estimate the interfacial pressure accurately on human body 

circumference larger than 30cm, such as the torso or the thigh.  

 Instead of employing the Laplace Law, Fan and Chan (2005) measured the 

pressure exerted by a girdle on a dummy at different positions and then tried to apply 

multiple regression analysis techniques to derive several prediction equations that 

could predict the pressure exerted by the girdle on an actual human subject. Since the 

body figure of the human subject would be different in size and shape from the dummy, 

the weight of human, the differences on the hip, waist and tummy levels between 

human and dummy were treated as variables in the equations. It was expected that after 

obtaining the actual values by measurements and substituting them into the equations, 
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the garment pressure could be estimated. However, their equations would produce the 

same predicted pressures for two persons with nearly identical body figure and weight 

but with different tissue properties. The equations may need to be expanded to include 

more variables to improve the prediction accuracy but it may then become too 

complicated to use. 

 Ng and Hui (2001) developed an equation to compute the required reduction 

factor in drafting compression garment on a regular shaped body. Based on the Laplace 

Law, the reduction factor applied on the garment could be obtained by computing the 

so called compressive factor and fabric rigidity. The pressure before and after wearing 

the compression garment were measured to determine the compressive factor. The 

mechanical properties of the fabric were examined to estimate the rigidity. The 

researchers also proposed that similar principle could be used to estimate the interfacial 

pressure in multi-layer fabrics. 

 Dias et. al. (2003) used an energy approach to estimate the interfacial pressure. 

Assuming that energy is conserved, the total deformation in biaxial direction and strain 

energy were summed to obtain the total potential energy. The geometrical displacement 

of unit knitted fabric of the garment was determined. The change in the curvature of 

the body part would be reflected in the deformation of the fabric and was used to 

estimate the amount of compression force or pressure exerted on human. 
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2.5.3 Computational Modeling Methods  

With the advancement in simulation tools and computers, the garment pressure was 

increasingly being estimated by computer simulations. The fabric and human models 

were the major components in simulating the interface pressure generated by the 

garment. In addition, the contact between the fabric and the human models was also 

important in the simulation. Depending on the focus of study, different sets of 

assumptions were adopted by the researchers and computational models of varying 

degrees of complexity were built to calculate the pressure distribution on the body 

wearing a compression garment. 

Provatidis et. al. (2005) used the theory of contact element in Finite Element 

Analysis (FEA) to model the fabric. Since the fabric was composed by warp and weft 

yarns, the contact of the yarns was modeled in contact mechanics as surface-to-surface 

contact. The researchers treated the fabric as a surface model with non-linear material 

in finite element method (FEM). Being a surface model, the shell/plate element was 

commonly used to define the fabric model.  

Seo et. al. (2007) developed a simulator that modeled the garment only to 

estimate the garment pressure. The garment was simulated as a mass-spring system. 

The intersection of the yarns was modeled as a mass and the yarns connecting two 

masses were modeled as a spring. By using the Laplace equation, the garment pressure 
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was calculated.  

Some researchers studied the dynamic garment pressure by building a 

biomechanical model. Based on contact mechanics theory, Zhang et. al. (2002) 

investigated the interactive pressure between sport wear and human body during 

walking at constant speed by finite element method. The human body was assumed to 

be a rigid body. The garment was modeled as a thin elastic shell with linear material 

property. Other than the interactive force, the garment also experienced a frictional 

force between the body and the garment, gravity and inertia force as well. The 

deformation of the garment was geometrically nonlinear because of the differences of 

deformation on different body parts. By similar principle, Li et. al. (2003) developed a 

3D bio-mechanical model of a female body to further investigate the breast motion 

during exercise. A force was applied on the breast because the bra kept a close contact 

with it and generated an external force when the female was walking. The female 

model consisted of the elastic breast and the rigid body. Two linear material models 

were used to represent these two body parts.  

Liu et. al. (2006) studied the dynamic pressure throughout the process of 

wearing a GCS from ankle to thigh. The biomechanical model composed of two main 

parts: bone and soft tissue. The bone was treated as a rigid body and was 

incompressible without deformation; while the soft tissue was assumed as linear, 
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isotropic and homogeneous material. A constant tangent modulus was applied for the 

fabric property in the simulation. As the researcher studied the wearing pressure on leg, 

the contact between the GCS and leg was allowed to have sliding and penetration. In 

the simulation, the GCS and leg were defined as surface-to-surface contact to simulate 

the wearing process.  

The external force applied on the biomechanical model was due to the dynamic 

motion. However, the compression garment initially exerted a force to the body. The 

dynamic simulation was hard to simulate this force. Mirjalili et. al. (2008) analyzed the 

garment pressure on cone and cylinder. The study provided a framework on predicting 

the static garment pressure. The simulation of those simple shapes was done by 

ANSYS, a commercial FEA software package. Similar to other simulations, constant 

Young’s moduli were used as the material properties of the models and garment. For 

verification, lines were marked on the garment to measure the elongation. The 

measured strains and analyzed strains were compared. 

For the simulation methods presented above, the material model for human 

tissue or fabric was linear in the stress-strain properties. The increase in strain was 

proportional to the increase in stress. In reality, the stress-strain relationship of human 

tissue was not strictly linear. The model may not totally reflect the stress under a 

specific strain.  
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In simulation studies, the effect of changing the element size or shape on the 

accuracy was also explored. Wang et. al. (2005) proposed a new geometric subdivision 

scheme to simulate and visualize the deformed elastic human body. The distribution of 

garment pressure after wearing tight-fitting clothing was calculated based on the elastic 

human body model and the fabric mass-spring model. Hexahedron lattice was 

developed to model the human body. The increase of vertices in the original model 

refined the biomechanical model and increased the accuracy in the simulation. The size 

and shape of the elements were controlled manually.  

Although a fine mesh can increase the accuracy of the simulation, the 

computation time is costly. Some surfaces may only require a coarse mesh to obtain 

the same result. Based on the work by Wang et. al. (2005), You et. al. (2007) 

developed a meshing method to adapt the sizes of mesh at different parts. The garment 

was modeled as a mass-spring system and the mesh size would change according to the 

deformation calculated at the previous time step. The mesh size at different position 

might also be different. By smoothing the mesh shape with a filter, the mesh in 

quadrangle grid was generated.  

 A comprehensive study simulating a biomechanical model was proposed by 

Tanner et. al. (2001, 2002, 2006) to compare the deformation of breast under 

compression and no compression. The study investigated the effects of different 
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material properties; Poisson’s ratio; boundary conditions; mesh resolution and different 

solver on the accuracy of simulation. The material properties applied in the simulation 

were in two categories, linear and piece-wise linear. In their biomechanical model, the 

construction of breast was classified as two segments with different material properties. 

By utilizing different combinations of the material models on these segments, the 

variables influencing the simulation were defined. The simulation was done by a 

commercial FEM software ANSYS by the displacement approach. The displacement of 

compressed and uncompressed breast was computed by comparing some landmarks on 

the breast. The change of stress-strain curve was included into the simulation, which 

could reflect the real material properties of the human tissue more accurately. However, 

the material properties applied were only obtained from literature or from the 

theoretical models of Neo-Hookean and Mooney-Rivlin (Ogden, 2001); they were not 

measured from the human subject directly. The piece-wise linear material model and 

displacement approach are beneficial in calculating the static garment pressure that 

reflects the real deformation under compression. The same approach will be taken in 

this research. 

 

2.5.4 Other Measurement Methods  

Besides the approaches presented above, other newly developed approaches were 
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adopted in the pressure prediction of compression garments. Hirai et. al. (2002) 

measured the pressure between the elastic compression stockings and lower limb by 

strain gauge plethysmography. A strain gauge was positioned at the middle of the leg. 

Due to the elevating and lowering the leg, the volume of the foot could be calculated. 

The plethysmography was repeated to examine the volume of blood flow through the 

leg, which was worn on the stockings. 

Yu et. al. (2004) developed a soft mannequin to evaluate the garment pressure 

on human. The body curvature of this mannequin followed that of a human model. The 

custom-made girdle was worn on the mannequin. Since the mannequin did not have 

any movement, the measured pressure would not be affected by other variables. 

Another approach proposed by Ng et. al. (2009) was photogrammetric 

prediction. Based on triangulation theory, a two-dimensional (2D) image could be 

rebuilt to a three-dimensional (3D) model. A subject worn on a girdle projected to a 

plane that formed a 2D image. Since the image was formed by collinear light rays 

projecting onto the plane, the coordinates of the projected image in the local coordinate 

system could be converted by conformal transformation into 3D coordinates of the 

subject in the global coordinate system. The third coordinate of the 2D image was 

equal to the focal length of the camera. However, any points along the collinear 

projection line must be projected on the same position on the plane. In order to 
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calculate the size of the subject, two or more images were intersected to obtain a 

unique image. The garment pressure was estimated by multiplying the measured 

curvature of the subject and the fabric tension obtained in the tensile test.  

 

2.6 Human Modeling  

Although computational simulation methods can be used to estimate the garment 

pressure exerted on a human model, it is very difficult. Firstly, an accurate geometrical 

representation of the human model in the computer before and after wearing the 

compression garment is required. It is very difficult because any body movement or 

muscular activity during the data acquisition process will lead to errors in building the 

model in the computer. The change will be wrongly interpreted. Secondly, the 

mechanical properties of human body are required in simulation. Accurate 

measurements are thus crucial. In the following sections, methods used in scanning the 

body contour and measuring the mechanical properties of human tissue in-vivo are 

reviewed.  

 

2.6.1 Body Imaging  

Scanning a human model into the computer is a major task in biomechanical modeling. 

A commonly used technology in scanning the human body into the computer was 
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Magnetic Resonance Imaging (MRI). Schnabel et. al. (2003) scanned a breast model 

by MR mammography. By detecting the global motion of the model, the local motion 

was meshed and the control points were connected using B-spline curves. The inner 

tissue of the breast could also be scanned and modeled in the computer. Liu et. al. 

(2006) visualized the anatomic structure of the leg by reconstructing the MRI captured 

images as a 3D model in computer. From the cross-sectional image, the exact locations 

of different tissues were shown clear and could be separately characterized with 

different material properties in the biomechanical model.  

In the review by Zheng et. al. (2001), MRI was one of the internal scanning 

methods for geometrical assessment. Similar to MRI, computer tomography (CT) was 

another common method in visualizing the body image. 3D CT data could be imported 

into CAD software and pre-processed for the finite element analysis. CT could identify 

the soft tissue and bone position easily with less X-ray dose and had a lower risk to the 

human subject.  

Laser video scanning and hand-held digitizer scanner were two of the external 

scanning assessment methods. In laser video scanning, a laser line was emitted to scan 

along the surface of the model. A video camera would record the laser source to 

generate a 3D shape of the model in the computer. The theory of hand-held digitizer 

and scanner was based on digitizing the surface contour of the model being scanned. 
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The location of the point being digitized was recorded by a computer-controlled device. 

After generating all the points, a 3D model would be developed, even if it was 

irregularly shaped.  

 

2.6.2 Measurement of Human Material Property 

The mechanical properties of human tissue are very important parameters in the 

simulation. In some studies (Silver and Christiansen, 1999; Geol et. al., 2001), the 

mechanical properties of soft tissue and hard tissue were assumed to be linear and each 

was represented by a single value. Other researchers found that the mechanical 

properties of human tissue was nonlinear and proposed some experimental methods to 

determine the relationship.  

 In an early study of pressure therapy, Clark et. al. (1987) measured the 

mechanical properties of skin by an extensometer. A known rate of extension was 

applied on the skin in uniaxial direction. The load required for the extension would be 

transmitted to the strain-gauged cantilever. The signal from the strain gauge was 

recorded on a graphical recorder. The load-extension relationship was found to be 

non-linear for both normal skin and scar.  

In the review by Zheng et. al. (2001), indentation measurement had been used 

for examining the in-vivo mechanical properties of the limb. A force was applied on 
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the soft tissue and the indented displacement was measured either by a linear variable 

differential transformer (LVDT) or a step motor, depending on the driving force. The 

relationship between the indentation force and depth of soft tissue was obtained to 

yield a nonlinear material curve. Another approach used an ultrasound source to emit 

an ultrasound pulse to the soft tissue. The vibration frequency of the source and the 

time to get the echo feedback was used to determine the depth of soft tissue. The 

mechanical properties would be determined by interpreting the response, tissue motion 

and tissue density. 

 Zheng et. al. (1999) combined the abovementioned indentation and ultrasound 

approached to develop a system called Tissue Ultrasound Palpation System (TUPS) 

(US Patent 6,494,840 B1, 2002) for measuring the biomechanical properties of human 

tissue. TUPS was a handheld device with a specific probe. The ultrasound source 

would be emitted through the probe to measure the displacement. A strain-gauged load 

cell was connected in series to measure the amount of force applied on the soft tissue. 

By indenting the soft tissue continuously, the force applied and the corresponding 

displacement would be determined to obtain a force-extension curve. The system was 

convenient to use and was available. Therefore, the TUPS was used in this project to 

measure the mechanical properties of human tissue.  

 Based on the same principle, Lu et. al. (2009) further developed an indentation 
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measurement method using a water jet as an indenter. A pressure sensor was connected 

to measure the water pressure. By computing the water pressure and force applied on 

the soft tissue, the stress-strain relationship could be determined.  

 

2.7 Summary  

The fundamental principle of compression therapy is to apply an external pressure on 

the human body part to regulate the blood circulation and achieve the therapeutic 

purpose. Three main types of compression garments are commonly used in healing the 

scar formation after severe burn or plastic surgery, vein disorder and reshaping the 

body contour. Targeting on the pressure level given by the therapist, the pressure 

exerted by the garment can be designed by varying the reduction factor and the type of 

elastic fabric. However, the existing practice may not be able to give the desired 

pressure on the specific area without considering the body curvature. Any 

inappropriate pressure may lead to serious consequences. A scientific and systematic 

design method is required to give the designer more alternatives and narrow the 

pressure range produced by the compression garment.  

 The characteristics of elastic fabrics must be examined in greater details. The 

anisotropic behaviors of fabrics along different bias directions had not been fully 

utilized in compression garment. The problem of stress relaxation due to prolonged use, 
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dress-and-undress, and multiple laundering had not been thoroughly examined. The 

feasibility of multi-layer construction of compression garments had not been explored. 

These issues are addressed in this research project.  

After reviewing the different pressure measurement methods and the different 

types of sensors used in other studies, it is decided that the sensing system by NovelTM 

will be used in this project as it appears to be less sensitive to the surrounding 

environment and is small enough to obtain an accurate pressure for a small area. 

The widely used Laplace Law is simple for daily use and will be used as a 

crude prediction of garment pressure in this project.  

As illustrated by Tanner et. al. (2001, 2002, 2006), ANSYS was able to 

simulate the deformation of breast under compression and this commercial software 

could model a material with nonlinear stress-strain property. It is decided that ANSYS 

is suitable for this research. The displacement approach used by Tanner et. al. (2001, 

2002, 2006) calculated the actual force applied on the breast based on the actual 

deformation before and after the compression. Such approach is suitable to simulate 

the interfacial pressure between the soft tissue and garment and will be used in this 

project.  

 Although MRI and CT have the additional advantage of revealing the internal 

tissue structure and can lead to more accurate modeling of the tissue properties, it is 
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not easily available. Three-dimensional laser scanning will be used to obtain the 

geometrical data before and after wearing the compression garment. 

 After reviewing the measurement of mechanical properties of human tissue, the 

handheld device, TUPS, seems to be small and convenient to conduct in-vivo 

measurement. The system can provide a characteristic curve of force versus extension. 

It is selected for measuring the human tissue in this project.  
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CHAPTER 3 COMPRESSION GARMENT –  

DESIGN FACTORS AND METHODS 

 

3.1 Introduction 

This chapter describes the experiments conducted on discovering the anisotropic 

behavior of fabrics used to make compression garment. The details of the experiments 

conducted to reveal the possible change of fabric tensile property after prolonged wear, 

repeated dress and undress, and multiple laundering are also presented.  

At the end of the chapter, the prediction of garment pressure by a modified 

Laplace Equation is described. Based on the knowledge gained in the mechanics of 

composite materials, an analytical formula derived to predict the effective tangent 

modulus of a double-layer compression garment is also presented. 

 

3.2 Selection of Compression Garment Fabrics for Testing 

Three types of compression garment fabrics were selected for testing after consulting 

an experienced occupational therapist of the largest local burn care center. Table 3.1 

shows the intended usage, composition, number of gauge, thickness and weight of each 

type of the selected fabrics. 
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Table 3.1 Specifications of test fabrics 

Fabric ID P11117 PN2170 AP85120 
Usage Pressure garment 

(severe condition; 
adult patient) 

Pressure garment 
(mild condition; 

child patient), GCS 

Girdle 

Composition Nylon: 68% 
Spandex®: 32% 

Nylon: 82% 
Spandex®: 18% 

Nylon: 79% 
Roica® (Lycra): 21% 

No. of Gauge 32 Gauge 28 Gauge Satin Net 56 Gauge 
Thickness (mm) 0.45 0.42 0.49 
Weight (g/m2)  About 207- 213 About 155 175 ± 5% 

It can be seen that the three types of test fabrics all comprises of the elastic 

Spandex® or Roica® (Lycra) fibers and the nylon fibers. The differences in their fabric 

property are due to the percentage composition of Spandex® or Roica® (Lycra) and the 

method of knitting. 

 

3.3 The Kawabata Standard Evaluation System (KES-F System) for 

Compression Garment Testing 

The Tensile-Shear Tester (KES-FB1) of the Kawabata Standard Evaluation System 

(KES-F System, KATO Tech. Co., Ltd) shown in Figure 3.1 was used for determining 

the tensile property of elastic fabrics that are used to make compression garments. 

Figure 3.2 shows the panel of the KES-FB1 tensile tester and the settings used 

for the experiment are listed in Table 3.2. 
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Figure 3.1 Kawabata Standard Evaluation System Tensile-Shear Tester (KES-FB1) 

 

 

Figure 3.2 Panel of KES-FB1 

 

Table 3.2 Tensile test settings in mechanical unit and software of KES-FB1 

Mechanical Unit Software 
Check switch MES Sample Fabric, Film 
SENS (Tensile) MES Sensitivity High 
ELONGATION 50mm Velocity 0.2 (mm/sec) 
SPEED VAR Elongation 50 (mm/10V) 
SPEED ADJ 4 Clamp 2.5 (cm) 
STROKE (Tensile) VAR Proc. Rate 0.5 
STROKE ADJ 10 Sample width 20 (cm) 

  Maximum load 250 (gf/cm) 
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3.3.1 General Test Procedure 

A fabric sample of size 20cm× 20cm was required for each test. To eliminate the effect 

of temperature and moisture, all prepared fabric samples were first kept in a room 

controlled at a temperature of 20°C ± 2°C and a relative humidity of 65% ± 3% for 24 

hours before the test. The test was also carried out at the same environmental settings. 

The detailed laboratory test procedure is described in Appendix A.  

 

3.3.2 Calculation of Modulus of Elasticity for Test Fabrics 

In the test, the force f in gram per centimeter versus the extension e in mm is recorded 

as shown in Figure 3.3. 

 

Figure 3.3 Force VS strain curve recorded by KES-FB1 tensile tester 

 

The corresponding engineering stresses and engineering strains are then 

calculated using Equations 3.1 and 3.2. 
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==σ  (3.1) 

where  σ = engineering stress (Pa),  
  f = tensile force applied to the fabric in the tensile test (gf/cm), 
  t = fabric thickness (m).  
 

d
e

lengthinitial
lengthinchange

==ε  (3.2) 

where  ε = engineering strain,  
  e = extension of fabric in the tension test (mm),  
  d = initial length of fabric in the tensile test (mm). 
 

The experimental results are post-processed to represent the stress and the 

tangent modulus as functions of strain so that they can be conveniently used in 

analytical formulae and FEM models. The stress-strain curve is plotted and the data 

points are fitted with a second order polynomial as shown in Equation 3.3. 

( ) 2
21 εεεσ aa +=  (3.3) 

where  a1, a2 = coefficients of the second order polynomial. 
 

As tangent modulus is defined as the ratio of engineering stress to engineering 

strain, Equation 3.3 can be differentiated to obtain Equation 3.4 which is the linear 

relationship between the tangent modulus and the engineering strain. A sample plot for 

the three test fabrics is shown in Figure 3.4. 

εε 21 2)( aaE +=  (3.4) 
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Figure 3.4 tangent modulus VS engineering strain curve  

 

3.4 The Scanning Electron Microscope (Leica Stereoscan 440) (SEM) 

The Leica Stereoscan 440 Scanning Electron Microscope (SEM, Leica Microsystems 

Cambridge Ltd., England) shown in Figure 3.5 was used to inspect the change of fabric 

structure under tension.  

 
Figure 3.5 Scanning Electron Microscope (SEM) (Leica Stereoscan 440) 
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3.4.1 General Test Procedure 

Only a tiny fabric specimen was required for examination. The specimen was first 

coated with gold to permit the conduction of electricity and then positioned under the 

camera by a special fixture in the SEM. Figure 3.6 shows the special fixture with the 

specimen to be clamped by the chucks. Before the commencement of a test, air was 

pumped out from the SEM until vacuum is reached. A tension force of 2N was then 

applied to elongate the sample gradually up to 200%, i.e. twice its original length. At 

every 10% length increment, one image at a magnification of 100X and another at 

200X were captured to reveal the microscopic structure of the fabric under tension. 

Figure 3.7 is an example image showing the microscopic structure of a test fabric at 

100X magnification. 

 

Figure 3.6 Tester unit of SEM 
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Figure 3.7 Microscopic Structure of Test Fabric revealed by SEM 

 

3.5 Testing of Fabrics Properties 

3.5.1 Experiment on Fabric Anisotropy 

The objective of the experiment was to evaluate fabric anisotropy with respect to its 

tensile property.  

From each test fabric listed in Table 3.1, three fabric samples of size 20cm x 

20cm were cut out along a bias direction that varied from 0º and 90º at 10º steps, as 

depicted in Figure 3.8. The KES-F system was then employed to conduct tensile test 

on all samples. The reason why three samples were to be tested at each bias angle was 

that the lack of quality control in the fabric manufacturing process might lead to 

non-uniformity in properties and cannot be detected if only one sample was tested. 

Testing of three samples would reveal such non-uniformity if their results did not agree. 

The tested combinations are summarized in Table 3.3 
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Figure 3.8 Preparation of fabric samples along different bias directions 

 

Table 3.3 Summary of tests on fabric anisotropy 

 Fabric Sample 
 P11117 PN2170 AP85120 

Tested Bias Angles 0° to 90° at 10° steps 
No. of Samples at each bias angle 3 

Total No. of Tensile Tests Using KES-F 30 30 30 
 

3.5.2 Experiment on Double-Layer Construction of Compression Garment  

The objective of the experiment was to evaluate the effective tensile property of a 

composite compression garment made by two overlaid fabrics. Two different fabrics of 

the same area are cut and sewn together as depicted in Figure 3.9. The composite fabric 

sample is clamped tightly along the width by the front and back chucks of the 

KES-FB1 tensile tester and the width of the fabrics are kept constant. The tested 

combinations are summarized in Table 3.4. 

 Test Fabric 
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Figure 3.9 Experiment setup on testing the double layers fabrics 

 

Table 3.4 Summary of tested double-layer fabrics combinations 

Fabric 1 (P11117) 
Bias Angle 

Fabric 2 (P11117) 
Bias Angle 

0° 0° 
0° 10° 
0° 90° 
40° 50° 
80° 90° 

Fabric 1 (PN2170) 
Bias Angle 

Fabric 2 (PN2170) 
Bias Angle 

0° 0° 
0° 10° 
0° 90° 
40° 50° 
80° 90° 

Fabric 1 (P11117) 
Bias Angle 

Fabric 2 (PN2170) 
Bias Angle 

0° 0° 
0° 90° 
90° 0°  
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3.5.3 Experiment on the Change of Fabric Tensile Property after Prolonged 

Wear 

This experiment was to investigate whether compression garments of different 

reduction factors would experience stress relaxation or not after prolonged wear. 

The prolonged wear condition was one in which the compression garment was 

worn continuously for a week. It was simulated by dressing a compression garment in 

the form of a tube on PVC pipe (see Figures 3.10 and 3.11) for 168 hours, i.e. 7 days. 

Based on the anthropometric data compiled by Peebles and Norris (1998), the 95th 

percentile value of the circumference of the upper arm of a male in China was 297.8 

mm with a standard deviation of 22.9 mm. Therefore, a PVC pipe with a circumference 

of 31.7cm that was closest to the anthropometric figure was selected to mimic the 

upper arm of a male. For the compression garment, it was made in the form of a fabric 

tube at reduction factors of 10%, 15% and 20% from each type of test fabrics. As 

depicted in Figure 3.12, each tube garment was made from a rectangular piece of test 

fabric that was 80 cm in length and a cm in width cut out along a bias direction that 

ranged from 0º to 90º at 10º steps. The 80 cm length allowed three 20cm×20cm fabric 

samples to be prepared for tensile test at the end of the experiment (see Figure 3.13). 

The dimensions of each fabric tube are shown in Table 3.5. The tested combinations 

are summarized in Table 3.6. 
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Figure 3.10 Fabric tube mounted on PVC tube 

 

Figure 3.11 Prolonged wear experiment 

 

  

Figure 3.12 Fabrics preparation for prolonged wear test 

 

Figure 3.13 Preparation of test fabric 
from the fabric tube 

 
 
 
 
 
 
 
 
 

Test Fabric 
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Table 3.5 Dimension of side a at each reduction factor for prolonged wear test 

Outer radius of hollow PVC pipe 10.1 cm 
Outer circumference of hollow PVC 
pipe 

31.7 cm 

Reduction Factors 10% 15% 20% 
Width of side, a (include seam) 30.2 cm 28.6cm 27 cm 
Width of seam on each side 0.8 cm 0.8 cm 0.8 cm 
Circumference of the fabric tube, c 
(exclude seam) 

28.6cm 27 cm 25.4cm 

Length of the fabric 80 cm 80 cm 80 cm 

 

Table 3.6 Summary of tested combinations for prolonged wear 

 Fabric Sample 
 P11117 PN2170 AP85120 

Tested Bias Angles 0° to 90° at 10° steps 
Reduction factors at each bias angle 10%, 15%, 20% 
No. of Samples for each combination of 
bias angle and reduction factor 

3 

Total No. of Tensile Tests Using KES-F 90 90 90 

 

3.5.4 Experiment on the Change of Fabric Tensile Property after Repeated Dress 

and Undress 

The objective of the experiment was to examine whether compression garments of 

different reduction factors would have their fabric tensile property changed after 

repeated dress and undress. 

The repeated dress and undress condition was one in which the compression 

garment was dressed and undressed once daily by a patient for about half year or 180 
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days before the garment would be replaced, as recommended by the therapists. Three 

specially designed pneumatic extenders as shown in Figure 3.14 were employed to 

simulate the repeated dress and undress condition. When the extender moved out in the 

radial direction (Figure 3.15(b)), it mimicked the situation when the garment was 

stretched to be dressed on the body part. When the extender retracted to its home 

position (Figure 3.15(a)), it mimicked the end of the dressing process and the garment 

stayed on the body part as intended. It was found out by measurements that a time 

lapse of two seconds was enough for the garment pressure to reach steady state and 

thus an accelerated test was viable. Therefore, a Programmable Logic Controller (PLC) 

control program was written to repeat 180 times a cyclic operation of keeping the 

mounted tube garment at the extended position for five seconds and then keeping the 

mounted tube garment at the home position for another five seconds to mimic the 

repeated dress and undress condition. Figure 3.16(a) shows the mounting of a tube 

garment onto the extender and Figure 3.16(b) shows the mounted tube garment at the 

extended position. 
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Figure 3.14 Pneumatic extenders for repeated dress and undress experiment 

 

 
 

Figure 3.15(a) Extender at home position 

 

Figure 3.15(b) Extender at extended position 

 

  

Figure 3.16(a) Mounting a tube garment 
onto the extender 

Figure 3.16(b) Tube garment at extended 
position 
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Similar to the prolonged wear experiment, the compression garment was made 

in the form of a fabric tube at reduction factors of 10%, 15% and 20% from each type 

of test fabrics (see Figure 3.17). As depicted in Figure 3.18, each tube garment was 

made from a rectangular piece of test fabric that is 30 cm in length and a cm in width 

cut out along a bias direction that ranged from 0º to 90º at 10º steps. The 30 cm length 

allows one 20cm×20cm fabric sample to be prepared for tensile test at the end of the 

experiment (see Figure 3.19). The dimensions of each tube garment are shown in Table 

3.7. The tested combinations are summarized in Table 3.8. 

 

 
Figure 3.17 Fabric tube for repeated 

dress and undress test 

 

Figure 3.18 Fabrics Preparation for the  
test of repeated dress and undress 

 

Test Fabric 
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Figure 3.19 Preparation of fabric sample for tensile test after repeated dress and undress 
experiment 

 

 

Table 3.8 Summary of tested combinations for repeated dress and undress 

 Fabric Sample 
 P11117 PN2170 AP85120 

Tested Bias Angles 0° to 90° at 10° steps 
No. of Samples at each bias angle 3 
Reduction factors at each bias angle 10%, 15%, 20% 
Total No. of Tensile Tests Using KES-F 90 90 90 

 

Table 3.7 Dimension of side a in each reduction factor for repeated dress and 
undress effect test 

Reduction Factors 10% 15% 20% 
Length of side a (include seam) 25.1 cm 23.8cm 22.5 cm 
Width of seam on each side 0.8 cm 0.8 cm 0.8 cm 
Circumference of the fabric tube 
(exclude seam) 

23.5cm 22.2 cm 20.9cm 

Length of the fabric 30 cm 30 cm 30 cm 
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3.5.5 Experiment on the Change of Fabric Tensile Property after Multiple 

Laundering 

The objective of the experiment was to examine whether compression garments at 

different bias angles would have their fabric tensile property changed after multiple 

laundering. 

The multiple laundering condition was one in which the wearer followed the 

recommendation of the therapist and hand washed the compression garment 

periodically using neither washing powder nor detergent and then dried it naturally at a 

temperature of 20°C ± 2°C and a relative humidity of 65% ± 3%. It was simulated by 

hand washing fabric samples in five liters of only water at about 22°C for five minutes 

and then drying them naturally at the recommended condition.  

In planning the experiment, it was necessary to estimate the number of fabric 

samples required. This was because the samples would not be returned to the 

wash-and-dry process after being tested for their tensile properties and if insufficient 

samples are prepared, all of them would be used up in the tensile tests before the fabric 

tensile property became steady and changed no further with additional washings. As 

Macintyre et. al. (2007) reported, after conducting a similar experiment on pressure 

garment, that the property of pressure garment became steady at the end of 28 

wear/washes cycles; 31 fabric samples (28 samples plus 10% spares) were prepared for 
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each type of tested fabric.  

In planning the frequency of tensile tests, an assumption was made that the 

variation of fabric tensile property would follow a trend as depicted in Figure 3.20. 

 

Figure 3.20 Anticipated change of fabric tensile property with the number of washings 

 

The tangent modulus was anticipated to decrease exponentially and the change 

process could be divided into three phases. In Phase (1), the tangent modulus would 

decrease rapidly and one sample of each fabric type would be tested for its tensile 

property after each wash-and-dry cycle. The tangent modulus obtained from each test 

would be plotted and if the change process slowed down and entered Phase (2), the 

tensile test would be conducted once every three wash-and-dry cycles. When the 

tangent modulus obtained from three consecutive tests did not differ significantly, the 
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change process entered Phase (3) and the wash-and-dry cycle would stop. 

As depicted in Figure 3.21, for each type of test fabrics, 31 fabric pieces of size 

90cm×30cm at bias angle 0º, 30º, 60º and 90º were prepared for the experiment. The 

length and width dimensions had already taken into account possible shrinkage of the 

fabric after repeated washing, and three standard samples of 20cm×20cm could be cut 

out for tensile tests.  

 

Figure 3.21 Preparation of test fabric for multiple laundering experiment 

 

Table 3.9 Summary of tested combinations for multiple laundering 

 Fabric Sample 
 P11117 PN2170 AP85120 

Tested Bias Angles 0°, 30°, 60°, 90° 
No. of Samples at each bias angle 3 

Total No. of Washings at each bias angle 15 15 15 
Total No. of Tensile Tests Using KES-F 180 180 180 
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3.6 Prediction of Single-Layer Garment Pressure by Laplace Equation 

Equation 3.5 shows the Laplace’s Law that is adopted from physics dealing with 

surface tension of liquid droplets or bubbles and is widely used in predicting the 

pressure generated by the compression garments. 

r
TP =  (3.5) 

where  P = garment pressure (Pa), 
  T = tension per unit fabric length (N/m), and 
  r = radius of the circular surface (m). 
 

The equation predicts well only for surfaces that are close to spherical with a 

single radius of curvature. For the human body that curves differently in all directions, 

Yoshimura and Ishikawa (1983) modified the Laplace equation to take into account the 

difference in the radius of curvature in the wale and course directions. The modified 

Laplace equation is to calculate the garment pressure as shown in Equation 3.6. 

c

c

w

w

r
T

r
TP +=  (3.6) 

where  Tw = tension in wale direction (N/m), 
  Tc = tension in course direction (N/m), 
  rw = radius of curvature in wale direction (m), and 
  rv = radius of curvature in course direction (m). 
 

For a compression garment that has open free ends, it resembles a tube garment 

and the tension in the course direction (Tc) equals to zero. Therefore, Equation 3.6 is 

again reduced to a form equivalent to Equation 3.5 with T = Tw and r = rw. Equation 
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3.5 will be used in this project to estimate the pressure exerted on the wearer. It can be 

seen from the equation that, for a certain wound area, r is fixed and only the tension T 

can be varied by the designer to provide a specific garment pressure. By definition, 

εε
σ

0A
FE ==  and ( )ε+

=
∆+

=
1)( 00 l
F

ll
FT , the tension per unit length T can be 

expressed in terms of the tangent modulus as shown in Equation 3.7. 
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where  l0 = circumference of pressure garment before wearing or stretching. 
 

Let c = circumference of body part, then the radius of curvature in the wale 

direction can be approximated by r =
π2
c . In compression therapy, mmHg is used as 

the unit of pressure and 1mmHg equals to 133.32 Pa. Therefore, Equation 3.5 can be 

rewritten as Equation 3.8. It gives the garment pressure P in mmHg that is generated 

by a garment whose cross-sectional area is A0, original length is l0, tangent modulus is 

E and is worn on a patient’s body part whose circumference is c. The garment is at 

strain, ε. 

( )ε
επ
+

=
132.133

2

0

0

lc
AEP  (3.8) 

Suppose the compression garment is fabricated at a reduction factor f , then l0 = 

c (1 – f) and the extension of the compression garment ( l∆ ) will be given by 

0lcl −=∆ . So,  
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and then, 
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Substituting Equation 3.10 into 3.8, 

2
0

32.133
2

c
AEP επ

=  (3.11) 

 

3.7 Prediction of Double-Layer Garment Pressure 

A single-layer compression garment will exert a certain pressure on the body. If a 

second identical compression garment is worn on top of the first one, it is obvious that 

the pressure exerted on the body will be roughly doubled. Such reasoning leads to the 

idea of multi-layer construction. For a double-layer construction, two different fabrics 

of the same area are cut and sewn together as depicted in Figure 3.22. It can be treated 

as a multi-layered composite structure. Since the two fabrics have identical initial 

length and they extend by the same amount, they experience the same strain and are 

under the isostrain condition. The total load sustained by the composite, Fc, is equal to 

the sum of the forces experienced by fabric 1, F1, and fabric 2, F2 as shown in 

Equation 3.12. 
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Figure 3.22 Formation of a double-layer composite fabric 

 

21 FFFc +=  (3.12) 

As F=σA, Equation 3.12 can be rewritten as Equation 3.13. 

2211 AAAcc σσσ +=  (3.13) 

where cσ  = equivalent stress of the composite fabric, 
  1σ  = stress of fabric 1, 
  2σ  = stress of fabric 2, 
  A1 = cross-sectional area of fabric 1, 
  A2 = cross-sectional area of fabric 2, and 
  Ac = sum of areas of fabrics 1 and 2. 
 

As σ=Eε and the composite fabric is under the isostrain condition, Equation 

3.13 can be rewritten as Equation 3.14. 

( ) 221121 AEAEAAEc εεε +=+  (3.14) 

After the rearrangement, the tangent modulus of a composite fabric can be 

obtained as shown in Equation 3.15.  

21

2
2

21

1
1 AA

AE
AA

AEEc +
+

+
=  (3.15) 

where  Ec = effective tangent modulus of composite fabric (Pa), 
  E1 = tangent modulus of fabric 1 (Pa), and 
  E2 = tangent modulus of fabric 2 (Pa). 
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In conducting the tensile test using the KES-F system, the fabric sample is 

clamped tightly along the width and the width of the fabrics are kept constant. only the 

thicknesses of the fabric layers can change. Therefore, the fabric thicknesses are the 

only variables in calculating the equivalent composite tangent modulus and Equation 

3.15 can be further simplified to Equation 3.16. The tangent modulus of the composite 

fabric depends on the thickness ratio of fabric 1 and fabric 2. The tangent modulus of 

the composite fabric, thus, must lie between the Young’s moduli of fabrics 1 and 2.  

21

2
2

21

1
1 tt

tE
tt

tEEc +
+

+
=  (3.16) 

where  t1 = thickness of fabric 1, and 
  t2 = thickness of fabric 2. 

 

3.8 Summary 

The experiments conducted on the three types of test fabrics in this project are 

presented. Results from the experiments would be helpful in designing desired fabric 

for compression garments. The Modified Laplace Equation presented allows a rough 

estimation of the garment pressure given the fabric properties. The equation is a useful 

tool to the designer, especially for cases where the body contour is simple and nearly 

cylindrical, e.g. the upper arm. Finally, borrowing knowledge gained in the mechanics 

of composite materials, the effective tangent modulus of a double-layer compression 

garment can be estimated by Equation 3.16. 
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CHAPTER 4 PRESSURE PREDICTION BY FINITE ELEMENT 

METHOD 

 

4.1 Introduction  

A model that is capable of capturing all the complexities in human body profile, human 

tissue properties, fabric properties, and the interaction at the interface cannot be 

represented by an analytical equation. Complex computational models require 

powerful methods such as the finite element method (FEM) for its solution. In this 

project, finite element method (FEM) is used to predict the interfacial pressure 

between the body surface and the compression garment. Figure 4.1 shows the flow 

chart of the FEM. A geometrical model is first created. Then, the appropriate element 

type and the material model are defined. After meshing, the boundary conditions are 

applied and a solver is selected to obtain the numerical solution. The results are 

post-processed to produce different plots and reports. 
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Figure 4.1 Flow chart of the FEM 

 

To explore the feasibility of using FEM in garment pressure prediction, two 

cases were studied. Given the deformations, the garment pressure exerted on a silicone 

mannequin arm and a human arm were predicted by FEM. The arm was chosen for 

study because the contour was gentle and roughly cylindrical. The modified Laplace 

Equation could therefore be applied for the purpose of comparison. In the following 

sections, the FEM steps used in this project, including the assumptions made, special 

treatment in geometrical modeling, the nonlinear material model used, and the 

determination of the boundary conditions are explained. At the end of the chapter, the 

theory used in FEM modeling is also described. 
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the equations 
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4.2 Study Cases for FEM Simulations 

4.2.1 Silicone Mannequin Arm Model 

A mannequin was bought from the market and the mannequin’s arm was molded using 

RTV 524 silicone rubber with 20% w/w silicone thinner (see Figure 4.2). A 

compression garment at a large reduction factor of 30% was made using test fabric 

PN2170. The garment pressure exerted on the silicone mannequin arm was prediction 

by a FEM model. Nine landmarks on the silicone arm were selected for comparing the 

predicted pressure with the measured pressure using the Novel™ Pliance sensor 

system. 

   
Figure 4.2(a)  

Arm from a mannequin 

 

Figure 4.2(b)  
Molded silicone arm 
without compression 

garment 

Figure 4.2(c)  
Molded silicone arm with 

compression garment 
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4.2.2 Human Arm Model 

The human arm of a healthy Chinese male of age 25, height 176 cm and weight 70kg 

was used in FEM simulations (see Figure 4.3). A compression garment at a reduction 

factor of 20% was made using test fabric P11117. The garment pressure exerted on the 

human arm was prediction by a FEM model. Twelve landmarks on the human arm 

were selected for comparing the predicted pressure with the measured pressure using 

the Novel™ Pliance sensor system. 

  
Figure 4.3(a) Human arm without 

compression garment 
Figure 4.3(b) Human arm with 

compression garment 

 

4.3 Preparations for FEM Modeling 

As depicted in Figure 4.1, FEM modeling requires the creation of the geometric 

models, the definition of the material models and the specification of the boundary 

conditions. 
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Before the geometric models of the silicone mannequin arm and the human arm can be 

built, they must be scanned into the computer first. Before the material models can be 

defined, their mechanical properties must be measured first. Before the boundary 

conditions can be specified, the deformation caused by the compression garment must 

also be measured or inferred. In this section, the preparation works required for such 

purposes are described. 

 

4.3.1 3D Scanning of Silicone Mannequin Arm 

The solid models of the silicone mannequin arm with and without the compression 

garment were both obtained by optical scanning method. A Steinbichler Optical 

Scanner as shown in Figure 4.4 projected structured white light onto the surface of the 

silicone arm and the disparity between the left and right images captured by the two 

CCD cameras was used to calculate the 3D depth of the scanned points. The accuracy 

of the scanner was ± 0.04 - 0.07mm and the lateral resolution at high resolution mode 

was 0.20 – 0.33 mm. The scanner was capable of capturing at a rate of 400,000 

points/min. The silicone arm was fixed by the embedded tube onto a turntable (see 

Figure 4.5) and then rotated 360° at 60° steps. At each step the arm was scanned and 

the images were combined at the end to give a dense 3D point cloud which would be 

converted into a 3D solid model (see Figure 4.6) by the provided software.  
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Figure 4.4 Steinbichler Optical Scanner Figure 4.5 Setup for scanning 
silicone mannequin arm 

 

 

Figure 4.6 Scanned mannequin arm 

 

4.3.2 3D Scanning of Human Arm 

The Steinbichler Optical Scanner was inappropriate for scanning human body. This 

was because the scanning process lasted more than 30 minutes during which the 

human must remain absolutely stationary. Therefore, photogrammetric scanning was 

employed to scan the human arm. 
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The photogrammetric system was developed in-house by the Industrial Center 

of the Hong Kong Polytechnic University. Figure 4.7 is a schematic representation of 

the system. It utilizes a number of cameras positioned in whole views to take the model 

images at the same time. The imaging process took only a few seconds. By matching 

the corresponding points that appear in multiple images, the 3D model can be formed. 

The resolution and accuracy of the system are both 0.5mm. 

As illustrated in Figure 4.7, the geometric models of the human arm with and 

without the compression garment were obtained using the photogrammetric system by 

requesting the human subject to lie down and hold his arm upright with and without 

wearing the compression garment. Figure 4.8 shows the geometric model of the human 

arm produced by the system.  

 
Figure 4.7 Schematic diagram of the configuration of scanning limb 
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Figure 4.8 3D model of human arm produced by photogrammetry 

 

4.3.3 Measurement of Compressive Properties of Silicone Mannequin Arm 

In molding the mannequin’s arm, a thick silicone disc was also molded under the same 

environmental conditions and using the same silicone mixture. The compressive 

property of the silicone was then obtained by conducting a compression test using the 

Instron tester shown in Figure 4.9. 
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Figure 4.9 Instron tester for compression test 

 

As depicted in Figure 4.10, the disc was compressed by an indenter to 50% its 

original thickness. The output stress-strain data was used to find the compressive 

property of the silicone material. 

 

Figure 4.10 Compression test for silicone material of the model arm 
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4.3.4 Measurement of Compressive Properties of Human Arm 

The tissue ultrasound palpation system (TUPS) developed by Zheng et. al. (1999) was 

used to determine the compressive property of a human arm. The locations where the 

mechanical property is measured are defined in Figure 4.11. The system has a probe 

embedded with a miniature load cell and an ultrasonic sensor unit (see Figure 4.12). As 

depicted in Figure 4.13, during measurement, the probe was pressed against the human 

arm in an upright position. The emitter of the embedded ultrasonic sensor unit would 

fire an ultrasound signal that would be reflected by the arm bone. The receiver of the 

embedded ultrasonic sensor unit would pick up the reflected signal. The time 

difference in sending and receiving the signal would be used to calculate the depth of 

soft tissue directly under the probe. The applied force was measured by the miniature 

load cell in the probe. The data pair was read by the computer software to produce the 

plot shown in Figure 4.14. 

 

Figure 4.11 Definition of locations on arm for material property measurement 
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Figure 4.12 Probe of TUPS 

 
 

Figure 4.13 Measurement of compressive 
property of human arm by TUPS 

 

At each data point of Figure 4.14, the deformation was first divided by the 

initial thickness of the human tissue to find the strain and then Equation 4.1 was used 

to calculate the relevant tangent modulus. The strain and tangent modulus were further 

used to compute the relevant stress. 

 

Figure 4.14 Experimental results obtained by TUPS 

 



Chapter 4 - Pressure Prediction by Finite Element Method 
 

 
 - 85 - 

)/,(2
)1( 2

haaw
PE

νκ
ν−

=  (4.1) 

where  E = tangent modulus (MPa),  
 P = applied load (N), 
 w = indentation depth (mm), 
 h = initial tissue thickness (mm), 
 a = radius of indenter (mm), 
 ν = Poisson’s ratio, 
 a/h = aspect ratio of indentation, and  
 κ = a scaling factor related to the Poisson’s ratioν. 

 

The value of κ is found from the table presented by Hayes et. al. (1972). The 

table is included in Appendix B. 

Tangent modulus is the change of stress divided by the change of strain. The 

stress at a certain strain could be computed from Equation 4.2. For no initial 

deformation and stress, ε0=0 and σ0=0.  
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n = 1…number of division      (4.2) 

Figure 4.15 shows the stress-strain behavior of human soft tissue. The 

relationship between stress and strain is not linear. The slope of the curve changes in 

each section, therefore, the stress-strain property of human soft tissue is nonlinear or 

piece-wise linear elastic. 
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Figure 4.15 Stress-strain behavior of human tissue 

 

4.3.5 Calculation of the deformation caused by garment pressure 

The garment pressure is assumed to act in a direction normal to the arm surface and 

therefore the contour of a cross-section perpendicular to the arm axis will become 

smaller but will be similar in shape. With this assumption, a key point lying on a 

certain plane will remain on the same plane and only moves inwards along the radial 

direction at small deformation. For example, a key point lying on the perimeter of a 

cross-sectional plane, say plane 1, at 45° before deformation will also lie on the 

perimeter of plane 1 at 45° after deformation. The deformation of a key point, denoted 

by d∆ , as shown in Figure 4.16, is simply the displacement of the key point along the 

same radial direction.  
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Figure 4.16 Schematic diagram of the model before and after  

wearing on compression garment 

 

However, it is discovered that the solid models built after 3D scanning cannot 

be used directly for computing the deformation. This is because the key points used to 

construct the solid model before wearing the compression garment cannot pair up with 

the key points used to construct the solid model after wearing the compression garment. 

They cannot be used to find the deformation. Correspondence of points before and 

after deformation must be established and it is only possible if the number and 

locations of the key points are strictly controlled on the models. 

To accomplish this, each of the solid models is cut into slices separated at 5mm 

apart (see Figure 4.17). It can be seen from Figure 4.18 the key points are randomly 

distributed on the perimeter of a slice. The original key points on the perimeter of each 

slice are fitted by a spline curve as illustrated in Figure 4.19. Then the key points are 
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regenerated from 0º to 360º regularly at 6° steps. This step size is used because trials 

with 3°, 4°, and 5°produced points that are too dense at regions of small radius of 

curvature and a 6° step is optimum. Figure 4.20 shows the redistribution of key points 

at 6° separation. 

  
Figure 4.17(a) Raw solid model built after 

scanning by computer 

 

Figure 4.17(b) Solid model cut into 5 mm 
apart slices 

 

  

Figure 4.18 Randomly distributed key points 
on the slice perimeter 

Figure 4.19 A spline curve fitted to the key 
points 
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Figure 4.20 Redistributed key points separated at 6° 

 

After the redistribution of key points, the 3D model is rebuilt manually by 

joining the key points together to create a surface model first. As a triangle comprises 

three vertices, a key point at the first slice is joined with two key points at the second 

slice to form a surface triangle, as depicted in Figure 4.21. The right hand rule is 

followed in numbering the vertices so that the surface normal vector will point outward. 

The key point connection process continues until all points are exhausted. Similar 

principle is used to create the top and bottom surfaces of the arm. The completed 

surface model is then converted into a solid model by software as shown in Figure 

4.22.  
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Figure 4.21 Surface formation on the key points 

 

 

Figure 4.22 A solid model of arm 

As depicted in Figure 4.23, the reconstructed solid models have the same 

number of key points lying on the same radial lines. Matching of key points is easy and 

the deformation can be easily calculated. 
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Figure 4.23 Key point lies on the same radial line towards the origin 

 

4.4 Garment Pressure Prediction by FEM 

After completing the aforementioned preparation works, the process of predicting the 

garment pressure by FEM can be commenced. The commercial ANSYS 10.0 software 

was employed and the simulations were carried out on a desktop PC with Intel® 

Core™2 Quad CPU Q6600 @2.40GHz with 4GB RAM. The steps are described with 

reference to the flowchart shown in Figure 4.1. 

 

4.4.1 Definition of Geometric Model 

The rebuilt geometric models discussed in Section 4.3.5 are converted into IGES files 

and are imported into ANSYS. 

 



Chapter 4 - Pressure Prediction by Finite Element Method 
 

 
 - 92 - 

4.4.2 Definition of Element Type and Size 

As discussed in Section 4.3.4, the human tissue has a nonlinear stress-strain curve and 

therefore a nonlinear material model is required. Therefore, the element used for 

meshing should be compatible for nonlinear material. In ANSYS, the element type 

SOLID45 is selected and this 8-node brick element can be used on multi-linear elastic 

material. In the simulation, the brick element degenerates to a tetrahedral one as shown 

in Figure 4.24. The upper surface of the brick element is shrunk into a node, denoted as 

M. Two nodes on the lower surface of the brick element share the same node in the 

tetrahedral element and the node is denoted as K. The element has three degrees of 

freedom at each node, namely, translations in x-, y-, and z- nodal directions. 

 

  

Figure 4.24(a) 8-node Solid45 element 
selected in ANSYS  

Figure 4.24(b) Degenerated Solid45 
tetrahedral element 
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4.4.3 Definition of Material Models 

4.4.3.1 Material Model for Silicone mannequin arm 

Figure 4.25 shows the stress-strain curve of silicone mannequin arm up to a strain 

value of 0.25. 81 points distributed evenly along the curve are located and the 

stress-strain pairs are supplied as a stress-strain table to ANSYS. A Poisson’s ratio of 

0.3, 0.35 and 0.49 are used for silicone to verify the accuracy of Poisson’s ratio to the 

result. 

 
Figure 4.25 Stress-Strain property of silicone model arm 

 

4.4.3.2 Material Model for Human man 

The stress-strain properties measured at the three locations of the arm are shown in 

Figure 4.26. The stress-strain property is nonlinear and therefore a nonlinear material 
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model is applied in the FE simulation. Moreover, as there are three stress-strain curves, 

the FE simulation was run three times, each time with a different location’s property. 

The material property is supplied as a stress-strain table to ANSYS. The table is 

obtained by dividing the curve evenly into 80 divisions and then the stress-strain pairs 

at the 81 points along the curve are entered into the table. The general Poisson’s ratio 

of human arm is in range of 0.45 – 0.49 (William and Dudley 1993). A Poisson’s ratio 

of 0.45 is used for human arm.  

 

Figure 4.26 Stress-Strain property measured at various positions of human arm 

 

4.4.4 Mesh Generation 

The finite element model is meshed with triangular elements. The regenerated key 

points are all used in mesh generation and they become the nodes of some elements 

after meshing. The mesh at curved surface is finer than that at flat surface. During 
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iteration, the software will refine the mesh if necessary to meet the accuracy 

requirement. The maximum number of mesh refinements set by ANSYS is 5 to avoid a 

mesh that is too fine and reduce the time for simulation. 

 

4.4.5 Specification of Boundary Conditions 

4.4.5.1 Boundary Conditions of Silicone Mannequin Arm 

The areas colored in green in Figure 4.27 were constrained to move in translation 

direction, along the axial direction of the model arm. The rod inside the silicone 

mannequin arm, which is colored in yellow in Figure 4.27, and the cross-sectional area 

connected to the torso, which is colored in red in Figure 4.27, were constrained with no 

translational and rotational motion.  

 
Figure 4.27 Boundary condition for mannequin model 
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4.4.5.2 Boundary Conditions of Human Arm 

As discussed in Section 4.3.5, the key point deformations were first calculated from the 

solid models before and after wearing compression garment. The values were then 

specified as the boundary conditions of the corresponding nodes in the FEM 

simulations. In addition, the top cross-sectional area on the upper arm was constrained 

not to have any translation or rotation in the longitudinal direction (see Figure 4.28), as 

depicted in Figure 4.29. The bottom cross-sectional area on the forearm was treated as 

free-end. 

 

Figure 4.28 Definition of directions along the arm 
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Figure 4.29 Defined constraints at the cross-sectional area of upper arm 

 

4.4.6 Solution of the Equations 

The Newton-Raphson iterative solver was selected for finding the solution. 

 

4.5 Mathematical Elemental Model for Garment Pressure Prediction 

The mathematical model used by ANSYS is described in this section (Moaveni, 2008). 

The displacement u, v and w of a point in the element (see Figure 4.30) are functions of 

the nodal displacements at I, J, K and M, as shown in Equation 4.3.  
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Figure 4.30 Displacement of a point in the tetrahedral SOLID 45 element 

 

MKJI uSuSuSuSu 4321 +++=  

MKJI vSvSvSvSv 4321 +++=  

MKJI wSwSwSwSw 4321 +++=  

(4.3) 

The shape function (Sn) in the Equation is defined by Equation 4.4. The nodal 

displacement is expressed in X, Y and Z directions in global coordinates.  

( )ZdYcXba
V

S iiiin +++=
6
1  

n = 1,..,4; i = I, J, K, M 
(4.4) 

where a, b, c and d are the coefficients in calculating the shape function; V is the volume 
of the tetrahedral element and calculated by Equation 4.5. 
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The coefficients Ia , Ib , Ic , Id , …, and 
Md -terms are calculated by Equation 4.6. 
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The Ja , Jb , Jc , Jd , …, and 
Md -terms can be calculated using similar 

determinants by rotating through the I, J, K and L subscripts using the right hand rule as 

shown below. 
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The force or pressure exerted on the body surface is not known and only the 

deformation can be determined at each key point in the project. Therefore, the stress 

matrix { }σ  is determined using the general Hooke’s Law. The stiffness matrix [ ]D  is 

multiplied by the strain matrix { }ε  to obtain { }σ , as shown in Equation 4.7.  

{ } [ ]{ }εσ D=  (4.7) 

The stress vector includes the normal stresses ( zzyyxx and σσσ , ) and shear 

stresses ( xzyzxy and τττ , ). The strain vector includes the normal strains 
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( zzyyxx and εεε , ) and shear strains ( xzyzxy and γγγ , ). The relationship between the 

stresses and strains is given by Equation 4.8.  

( )[ ]zzyyxxxx E
σσνσε +−=

1  

( )[ ]zzxxyyyy E
σσνσε +−=

1  

( )[ ]yyxxzzzz E
σσνσε +−=

1  

xyxy G
τγ

1
=   yzyz G

τγ
1

=   zxxzx G
τγ

1
=  

(4.8) 

where  xxσ  = normal stress in x-direction, 
 yyσ  = normal stress in y-direction, 
 zzσ  = normal stress in z-direction, 
 xyτ  = shear stress in xy-plane, 
 yzτ  = shear stress in yz-plane, 
 xzτ  = shear stress in xz-plane, 
 xxε  = normal strain in x-direction,  
 yyε  = normal strain in y-direction, 
 zzε  = normal strain in z-direction,  
 xyγ  = shear strain in xy-plane,  
 yzγ  = shear strain in yz-plane, 
 xzγ  = shear strain in xz-plane, 

   υ = Poisson’s ratio, 

   E = tangent modulus, and 

   G = shear modulus. 

Combining Equations 4.7 and 4.8, the relationship between the stresses and 

strains is expressed in terms of the tangent modulus, shear modulus and Poisson’s ratio, 

as shown in Equation 4.9. 
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The relationship between the strain tensor and the displacement on a node is 

shown in Equation 4.10.  

{ } LU=ε  (4.10) 

Where 
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The normal stresses and shear stresses at x-, y- and z-directions can then be 

computed by just applying the deformation. The relationship between the stresses and 

the displacement of the node can be found by combining Equations 4.7 and 4.10 to 

give Equation 4.11.  

{ } [ ]LUD=σ  (4.11) 

where LU represents the linear deformation in global coordinate and L is commonly 

referred to as the linear-differential operator. 

As the stiffness matrix [ ]D  in Equation 4.11 is valid only for linear elastic 

material, it is not suitable for the existing problem, which has multi-linear elastic 

material. The stiffness matrix at every particular strain needs to be recalculated using 

Equation 4.12. 
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( ) ( ) ( ) ( ) ( ) ( ) 2
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where t
eε .is the equivalent total strain. 
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After calculating the equivalent total strain, the equivalent stress eσ at the 

corresponding strain value 
eε  is determined from the multi-linear stress-strain curve 

shown in Figure 4.14 (Release 10.0 Documentation for ANSYS). As a result, the 

stiffness matrix for nonlinear stress-strain behavior of the material [ ]epD  can be 

computed by Equation 4.13.  

[ ] [ ]D
E

D
e

e
ep ε

σ
=  (4.13) 

Substituting Equation 4.13 into Equation 4.11, the nodal stresses can be 

calculated by applying the nodal displacement and the corresponding stress-strain 

property. The final equation is expressed as Equation 4.14. 

{ } [ ]LUD
E e

e

ε
σ

σ =  (4.14) 

 

4.6 Verification of Garment Pressure Prediction 

To verify the pressure predicted by simulation, the garment pressure exerted on the 

silicone mannequin arm and the human arm were measured. The values were 

compared with the pressure predicted by FEM. 

 

4.6.1 Pressure Measurement on Mannequin’s Arm 

A compression garment at a large reduction factor of 30% was worn on the silicone 

mannequin arm. There were nine landmarks on the pressure garment for measurement 
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(see Table 4.1). At each of the upper, middle and lower levels, there was one landmark 

at each of the three directions (left and right and front), as shown in Figure 4.31. The 

measurement was taken three times at each landmark to obtain the average reading.  

Table 4.1 Landmark positions on silicone mannequin arm 

Landmarks Distance to the bottom edge of compression garment 

1, 2, 3 24cm 

4, 5, 6 12.5cm 

7, 8, 9 5.5cm 

The interfacial pressure between the garment and the silicone mannequin arm 

was measured by the Novel™ Pliance sensor system. Figure 4.32 shows the setup 

during the measurement.  

   

(a) (b) (c) 

Figure 4.31 The landmarks for pressure measurement on mannequin’s arm at  
(a) left view; (b) front view; (c) right view 
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Figure 4.32 Measurement of silicone mannequin’s arm 

 

4.6.2 FE Prediction of Pressure on Silicone Mannequin Arm 

ANSYS computes and displays the Von Mises stress distribution in the simulation as 

shown in Figure 4.33. It is the equivalent tensile stress, computed from the stresses in 

three directions. It cannot be used directly in comparison with the normal pressure 

measured on the landmarks of silicone mannequin arm. For comparison, the normal 

stress needs to be calculated from a small surface patch at each landmark. 

Corresponding to the positions of the nine landmarks on the silicone 

mannequin arm, sets of nine neighboring nodes on the FE model that enclose an area 

near to the sensing area of Novel™ Pliance System are picked. The distributions of 

landmarks on the FE model are shown in Figure 4.34. The size of the enclosed area is 

approximately 51061.6 −× m2. Figure 4.35 depicts the nine nodes on each surface patch. 
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The center node and eight nodes along the perimeter are chosen to compute, by right 

hand rule, the unit normal vector of the surface patch using Equations 4.15 and 4.16. 

The average of the normal components of all nodal stresses within the area is then 

computed using Equation 4.17 to yield the normal stress on the landmark. The value 

can then be compared with the measured value at the corresponding landmark. 

 
Figure 4.33 Von Mises stress distribution of mannequin’s arm model 

 

 
Figure 4.34 Landmarks on left, front and right side of the FE mannequin’s model 
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Figure 4.35 Defining the normal vector 
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where v  is the average of the normal vector; iv is the vector representing the 

geometrical differences between the node and center. 
 

v
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 (4.16) 

where v  is the magnitude of v ; v
∧

 is the unit normal vector. 

 

n

n

i
v∑

=

∧
⋅

= 1
σ

σ  
(4.17) 

where σ  is the resultant normal stress; σ  is the stress vector on the selected area; n is 
the number of node.  

 

4.6.3 Pressure Measurement on Human Arm 

A human subject wore a compression garment at 20% reduction factor on his arm. The 

procedure for measuring the interfacial pressure on human arm was similar to that for 
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silicone mannequin arm. The human arm is at resting position throughout the 

measurement. The only important difference was that the human might have his body 

and arm muscles unconsciously moved during the measurement process. Therefore, 

keeping a static posture is vital in obtaining a steady reading during measurement.  

During measurement, a human model was requested to hold the fist tightly to 

constrain further muscle movement. To ensure that the positions of the compression 

garment on the human arm during 3D body scanning and measurement were identical, 

the distances from the upper and lower edges of the compression garment to the 

fingertip of the middle finger were maintained the same. The distance between the 

lower edge of the compression garment and the fingertip of middle finger was 28cm 

while the distance of the upper edge to the fingertip of middle finger was 65cm. Figure 

4.36 shows the position of pressure garment worn on the human arm.  

Twelve positions were marked on the pressure garment as shown in Figure 4.37 

for pressure measurement. The positions cover the lower, lower middle, upper middle 

and upper sections of the arm. It also spread around the outer, front and inner surfaces 

of each section. The distances from the landmarks to the bottom edge are listed in 

Table 4.2. The interfacial pressure between the garment and the human arm was also 

measured by the Novel™ Pliance sensor system. The measurement was taken three 

times at each landmark to obtain the average reading. 
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Table 4.2 Landmark positions on silicone mannequin arm 

Landmarks Distance to the bottom edge of compression garment 

1, 2, 3 20.4cm 

4, 5, 6 15.4cm 

7, 8, 9 7.9cm 

10, 11, 12 2.4cm 

 

 

Figure 4.36 Pressure garment location on human model 
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(a) (b) (c) 

Figure 4.37 12 landmarks for pressure measurement on human limb at 
(a) outer surface; (b) front surface; (c) inner surface 

 

4.6.4 FE Prediction of Pressure on Human Arm 

Corresponding to the positions of the twelve landmarks on the human arm, sets of nine 

neighboring nodes on the FE model that enclose an area near to the sensing area of 

TUPS are picked. The size of the enclosed area is approximately 251044.5 m−× . The 

distributions of landmarks on the FE model are shown in Figure 4.38. Similar to the 

case for silicone mannequin arm, Equations 4.15 to 4.17 are used to calculate the 

average normal stress at each landmark.  
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Figure 4.38 Landmarks on outer, front and inner side  
of the FE model of human arm 

 

4.7 Summary 

Two cases were studied to see if FEM is feasible to predict the garment pressure 

distribution. The first case was the prediction of garment pressure distribution on a 

silicone mannequin arm. The second case was the prediction of garment pressure 

distribution on a genuine human arm. Experiment with the silicone mannequin arm has 

the advantage that no measurement error would be caused by the muscular activity of a 

human subject. However, without any experiment performed on a genuine human arm, 

one cannot conclude that FEM is feasible even if excellent results are obtained. The 

tedious preparation works are described: model scanning, model reconstruction, and 

measurement of material properties. For verification of simulation results, 

measurement of interfacial pressure was also described. 
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CHAPTER 5 RESULTS AND DISCUSSIONS 

 

5.1 Introduction 

More than 1183 tests had been conducted on the test fabrics and voluminous data was 

collected and analyzed. A complete set of graphs is included as Appendix C. In this 

chapter, only the representative results obtained from experiments performed on the 

test fabrics are presented and discussed. Recommendations to the designers and the 

fabric manufacturers are made whenever possible. The ways at which the design space 

has been expanded by the research results is demonstrated by a design example. 

The pressure distribution on a silicone mannequin arm and a human arm as 

predicted by FEM are discussed next. A comparison is also made with the results 

predicted by the Modified Laplace Equation in each case. 

 

5.2 Anisotropic Behaviour of Test Fabrics 

The change of tangent modulus with engineering strain at different bias angles for the 

three types of test fabrics are shown in Figure 5.1. It is interesting to discover that for 

fabric P11117, unlike the other two types, the tangent modulus decreases as the 

engineering strain increases at some bias angles. Nevertheless, the anisotropic behavior 

of the fabrics is confirmed. The effect of such fabric anisotropy on compression 
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garment design is easier to discuss by re-plotting the data with the bias angle as the 

horizontal axis as shown in Figure 5.2. Using the tangent modulus at 0° bias angle as 

the reference value, at a reduction factor of 20% (or 0.25 strain), the tangent modulus 

can vary by as much as 29% for P11117, 43% for PN2170 and even 280% for 

AP85120 (see Table 5.1).  

 

Figure 5.1(a) Change of tangent modulus with engineering strain (fabric P11117) 
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Figure 5.1(b) Change of tangent modulus with engineering strain (fabric PN2170) 

 

 

Figure 5.1(c) Change of tangent modulus with engineering strain (fabric AP85120) 
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Figure 5.2(a) Change of tangent modulus with bias angle (fabric P11117) 

 

 
Figure 5.2(b) Change of tangent modulus with bias angle (fabric PN2170) 
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Figure 5.2(c) Change of tangent modulus with bias angle (fabric AP85120) 

 

 Figure 5.3 shows the Scanning Electron Microscope (SEM) photographs of 

fabrics sample P11117 at 30° bias angle at 0% and 100% strains. It can be seen that 

part of the elongation comes from the structural deformation of the fibers. At 0% 

strains, the space surrounded by the six knots is rectangular, but at 100% strain, the 

space becomes hexagonal. The distance between the middle knots increases nearly two 

times whole the distance between the knots at the two ends of the hexagon is nearly the 

same. If the fabric sample is loaded at another angle, then the structural deformation 

will be different. Therefore, the anisotropy is contributed by both the asymmetrical 

structural deformation as well as the elongation of the fiber caused by the components 

of force along the fiber. 
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It is recommended that the designer should explore the possibility of cutting the 

fabric at non-zero bias direction in making the compression garment. On the other 

hand, the fabric manufacturer should provide calibration graphs similar to Figure 5.2 to 

the designer. 

Table 5.1 Maximum deviation of tangent modulus caused by bias angle 

 P11117 PN2170 AP85120 
Reference Eref (MPa) at 0° bias angle  0.79 0.72 0.44 
Maximum Emax (MPa) 1.02 1.02 1.67 
Bias angle at which Emax occurs 90° 60° 90° 
% difference (Emax – Eref)/Eref 29% 42% 280% 

 
 

  

(a) (b) 

Figure 5.3 SEM images of fabric sample P11117 at 30° bias angle at  
(a) 0% strain; (b) 100% strain 

 

5.3 Double-Layer Construction of Compression Garment 

After overlaying one layer of fabric P11117 at 0° bias angle with a second layer of 

fabric P11117 also at 0° bias angle, the KES-F tensile test as described in Chapter 3 
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was conducted and the results were post-processed to produce Figure 5.4(a). A similar 

test conducted using fabric PN2170 leads to Figure 5.4(b). It can be observed that even 

if both layers are of the same fabric and of the same bias angle, the double-layer 

construction produces a different E VS ε curve. The reason may be that the load was 

partially shared by the seam lines during the tensile test. At large strains, the stretched 

fabrics appeared wavy implying that the load was not uniformly distributed across the 

width of the fabric sample. The results for two other sets of bias angles combinations 

are shown in Figures 5.5 and 5.6. Overestimation of the tangent modulus by Equation 

3.16 is observed for all experimental cases. This is probably due to the fact that the 

double-layer garment does not resemble a continuous and oriented fibrous composite 

that is loaded in the direction of fiber alignment direction. The fabric that has a smaller 

tangent modulus will be easier to extend during the test and tends to bear a larger 

proportion of the load. The tangent modulus evaluated from experimental data will 

give a smaller value. Nevertheless, Equation 3.16 still gives a reasonable prediction of 

the effective tangent modulus of the double-layer compression garment. 
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Figure 5.4(a) Effective tangent modulus of double-layer fabric (P11117-0º + P11117-0º) 

 

 

Figure 5.4(b) Effective tangent modulus of double-layer fabric (PN2170-0º + PN2170-0º) 
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Figure 5.5(a) Effective tangent modulus of double-layer fabric  
(P11117-0º + P11117-10º) 

 

 

Figure 5.5(b) Effective tangent modulus of double-layer fabric  
(PN2170-0º + PN2170-10º) 
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Figure 5.6(a) Effective tangent modulus of double-layer fabric (P11117-40º + P11117-50º) 

 

 

Figure 5.6(b) Effective tangent modulus of double-layer fabric  
(PN2170-40º + PN2170-50º) 
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Results of experiments on overlaying two different fabrics at different bias 

angles are shown in Figures 5.7- 5.9. We can notice that Equation 3.16 still works for a 

double-layer garment made from two different fabrics, even if the two fabrics 

responded in the opposite directions with change in engineering strains. 

 

Figure 5.7 Effective tangent modulus of double-layer fabric (P11117-0º + PN2170-0º) 
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Figure 5.8 Effective tangent modulus of double-layer fabric (P11117-0º + PN2170-90º) 

 

 

Figure 5.9 Effective tangent modulus of double-layer fabric (P11117-90º + PN2170-0º) 
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One important insight that can be gained from studying the graphs is that 

tangent modulus of the double-layer construction varied less with the engineering 

strain. In other words, the designer can combine two fabrics of opposite strain 

sensitivity to make compression garments. The following numerical example is used to 

highlight the advantage. 

Suppose a garment designer is asked to design a compression garment that can 

exert 25mmHg (P) on certain body part of a patient. The circumference c of the body 

part is found to be 0.27m by measurement. 

The designer is given the following data: 

 

Table 5.2 Given data to the compression garment designer 

 Fabric P11117 Fabric PN2117 

Tangent modulus at 0° bias angle, E0 0.79MPa 0.72MPa 

Fabric thickness 0.45mm 0.42mm 

 

The designer uses the modified Laplace Equation (Equation 3.11) to design the 

compression garment. Using the conventional single-layer construction, if fabric 

P11117 is selected, the strain required is 0.4 (or ~29% reduction factor). Alternatively, 

if fabric PN2170 is selected, the strain required is 0.47 (or ~32% reduction factor). 

However, both fabrics’ Young’s moduli are sensitive to the applied strain. The 
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tangent modulus of fabric P11117 is actually 0.6559MPa at 0.4 strain which implies 

the exerted garment pressure is just 20.61mmHg. The percentage difference is -17.56%. 

On the other hand, the tangent modulus of fabric PN2170 is 0.9766MPa at 0.47 strain 

which implies the exerted garment pressure exerted is increase to 33.65mmHg. The 

percentage difference is +34.6%.  

If the designer uses a double-layer construction, the 25mmHg pressure exerted 

will be shared by the two different fabrics. If the pressure exerted by fabric P11117 is 

15mmHg and fabric PN2170 is 10mmHg, the strain required is 0.24 (~19.5% reduction 

factor) for fabric P11117 and 0.19 (~15.9% reduction factor) for fabric PN2170. 

Again, due to strain sensitivity, the tangent modulus of fabric P11117 is actually 

0.8012MPa at 0.24 strain which implies the exerted garment pressure is 15.21mmHg. 

The percentage difference is +1.42%. On the other hand, the tangent modulus of fabric 

PN2170 is 0.6528MPa at 0.19 strain which implies the exerted garment pressure is 

increased to 9.067mmHg. The percentage difference is -9.33%. The total pressure is 

24.277mmHg and the overall percentage difference is just -2.89%. The double-layer 

garment can deliver the target pressure while the single layer garments cannot. Table 

5.3 summarizes the calculations for the example. 
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Table 5.3 An example calculation of single-layer and double-layer garment 

Single-layer approach 
P11117 (Target pressure = 25mmHg) 

Required 
strain, ε 

Reduction 
factor, f 

Corresponding tangent 
modulus, E’ (MPa) 

Actual pressure, 
P (mmHg) 

% 
difference 

0.4 ~29% 0.6559 20.61 -17.56% 
PN2170 (Target pressure = 25mmHg) 

Required 
strain, ε 

Reduction 
factor, f 

Corresponding tangent 
modulus, E’ (MPa) 

Actual pressure, 
P (mmHg) 

% 
difference 

0.47 ~32% 0.9766 33.65 +34.6% 
 

Double-layer approach 
P11117 (Target pressure = 15mmHg) 

Required 
strain, ε 

Reduction 
factor, f 

Corresponding tangent 
modulus, E’ (MPa) 

Actual pressure, 
P (mmHg) 

% 
difference 

0.24 ~19.5% 0.8012 15.21 +1.42% 
PN2170 (Target pressure = 10mmHg) 

Required 
strain, ε 

Reduction 
factor, f 

Corresponding tangent 
modulus, E’ (MPa) 

Actual pressure, 
P (mmHg) 

% 
difference 

0.19 ~15.9% 0.6528 9.067 -9.33% 

Overall % difference for double-layer approach = %100
25

25)21.15067.9(
×

−+  = -2.89% 

The experiments on double-layer construction also pave the path towards 

multi-layer construction and point to other possible ways of sewing different fabrics 

together to fabricate compression garments that have the desirable property. 

 

5.4 Change of Fabric Tensile Property due to Prolonged Wear 

It can be observed from Figure 5.10 that for both P11117 and PN2170, the Young’s 

moduli at 0% strain were reduced after being kept in the extended condition for 7 days 
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(168 hours), regardless of the reduction factors being applied and the bias angle at 

which the fabric samples were cut. The fabric’s sensitivity to engineering strain was 

also altered. The microstructures of P11117 and PN2170 are similar, as can be seen in 

Figure 5.11. Their compositions are also similar; they only differ in the percentage of 

the elastic yarn fiber, Spandex®. P11117 has 32% and PN2170 has only 18% Spandex®. 

Therefore, the greater decrease in tangent modulus of P11117 may be explained by the 

more serious plastic deformation of Spandex® in P11117. After prolonged wear, the 

plastic deformation of Spandex® may cause the fabric yarn to distort its microscopic 

structure more easily and therefore the tangent modulus is reduced. To understand 

better the phenomena, fabric samples were elongated under SEM to examine the 

microscopic structural changes. Figure 5.12 shows the measurement of knot distances 

in a fabric P11117 sample cut at bias angle 90º at 0 and 0.2 strains. The length a 

between two knots in course direction, b in horizontal and c in vertical directions are 

measured and presented in Table 5.4. The percentages represent the increase in a, b, 

and c when the strain increases from 0% (0 strain) to 20% (0.2 strain). It can be seen 

from the images and also confirmed by the values in Table 5.4 that when the fabric 

sample is under tension, the elongation comes partly from the elongation of the elastic 

fibers and comes partly from the structural distortion of the fiber structure.  

For example, at small strain, a rectangle formed by the yarn fibers can become 
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a parallelogram without any change in the side lengths. The frictional resistance 

between fibers determines the ease of structural distortion. At large strain, the structure 

cannot be distorted further and the fibers extend elastically or plastically. After 

prolonged wear, some fibers may have deform permanently and the frictional 

resistance between fibers has changed, therefore, a smaller tension is required to 

elongate the fabric, leading to a smaller tangent modulus. However, as the strain 

increases, the complicated interaction between structural distortions, elastic and plastic 

deformations of yarn fibers make it difficult to say whether the tangent modulus will 

become smaller or not. That is why for some tests, the tangent modulus at large strains, 

for example, PN2170 at 0.7 strain, is increased after prolonged wear. 

For fabric AP85120, it was less affected by prolonged wear and the tangent 

modulus closely followed that before treatment (prolonged wear). 
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Figure 5.10(a) Change of tangent modulus after prolonged wear  
(fabric P11117 at bias angle 90°) 

 

 

Figure 5.10(b) Change of tangent modulus after prolonged wear  
(fabric PN2170 at bias angle 90°) 
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Figure 5.10(c) Change of tangent modulus after prolonged wear  
(fabric AP85120 at bias angle 40°) 

 From the above discussions, it is recommended that the designer should bear in 

mind that the garment pressure would drop, though not seriously, after prolonged wear. 

When combined with other influencing factors discussed in this chapter, the garment 

may lose its therapeutic effect. 

  
Figure 5.11(a) Microstructure of P11117 Figure 5.11(b) Microstructure of PN2170 
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(a) (b) 

Figure 5.12 SEM captures of fabric sample P11117 at bias angle 90º  
magnified 200X at (a) 0 strain; (b) 0.2 strain; 

 

Table 5.4 Change of yarn length under tension at different reduction factors at 0.2 strain 

Yarn length between two knots (mm) Fabric Sample P11117 
at bias angle 90º 

Strain 
a b c 

0 0.548 0.543 0.699 
Without Treatment 

0.2 0.574 
4.7% 

0.562 
3.5% 

0.728 
4.2% 

0 0.527 0.48 0.717 
Reduction Factor 10% 

0.2 0.578 
9.7% 

0.536 
11.7% 

0.726 
1.3% 

0 0.532 0.48 0.714 
Reduction Factor 15% 

0.2 0.585 
1.0% 

0.602 
25.4% 

0.726 
1.7% 

0 0.486 0.55 0.691 
Reduction Factor 20% 

0.2 0.547 
12.6 

0.577 
4.9% 

0.7 
1.3% 

 

5.5 Change of Fabric Tensile Property Due to Repeated Dress and Undress 

From the experiments, it was observed that the tangent modulus of a test fabric 

decreased when compared with that of the fabric before treatment (repeated dress and 

undress). Sample results for the three fabrics are shown in Figures 5.13 – 5.15. It can 

be seen that the repeated dress and undress effect is again more serious to fabric 
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P11117 than to PN2170. Recalling the Table 3.1 in Chapter 3, the compositions of 

three fabrics are different. Fabric P11117 contains the higher percents of elastic 

filament, Spandex® than fabric PN2170; while AP85120 has another type of elastic 

filament, Roica® (Lycra). The higher percentage of Spandex® fibers that behaved 

viscoelastically may offer the explanation. The fabric AP85120 was least affected by 

repeated dress and undress. The Roica® (Lycra) fibers seem to have more stable 

properties than the Spandex® fibers. 

It is recommended that the designer should pay attention to the repeated dress 

and undress effect and should measure the garment pressure regularly, when the fabric 

has high percentage of elastic fibers. 

 
Figure 5.13 Change of tangent modulus after repeated dress and undress  

(fabrics P11117 at bias angle 20°) 
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Figure 5.14 Change of tangent modulus after repeated dress and undress 
(fabric PN2170 at bias angle 0°) 

 

 

Figure 5.15 Change of tangent modulus after repeated dress and undress 
(fabric AP85120 at bias angle 0°) 
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5.6 Change of Fabric Tensile Property Due to Multiple Laundering 

Multiple laundering would affect the tangent modulus of the test fabrics to varying 

degrees, as confirmed by Figure 5.16. Table 5.5 gives the percentage change of tangent 

modulus calculated by Equation 5.1 after 31 washes. At the end of 31 washes, the 

tangent modulus of fabric P11117 had decreased significantly, regardless of the strain 

values. For fabric PN2170 that contains less Spandex®, the drop was smaller. For 

fabric AP85120, at 0° bias angle, there was little change of tangent modulus, probably 

due to the more stable characteristics of the Roica® (Lycra) fibers along the wale 

direction. However, at 60° bias angle and 0.25 strain, the change was very large. 

Even for fabric P11117 that had its tangent modulus decreased significantly in 

the long run, it can be seen from Figure 5.16 that each additional washing might not 

lead to a decrease in its tangent modulus. The value sometimes increased instead. It 

could only be better understood if SEM was employed to examine the microstructure. 

Figures 5.17 and 5.18 show the microstructures of the fabrics before and after multiple 

laundering. They look very similar and are not helpful in offering an explanation about 

the decrease in tangent modulus of this fabric sample. 
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Figure 5.16(a) Change of tangent modulus after multiple laundering after 31 washes 
(fabric P11117 at bias angle 0°) 

 

 
Figure 5.16(b) Change of tangent modulus after multiple laundering after 31 washes 

(fabric PN2170 at bias angle 30°) 
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Figure 5.16(c) Change of tangent modulus after multiple laundering after 31 washes 

(fabric AP85120 at bias angle 0°) 

Nevertheless, the experimental results indicate that after multiple laundering, 

the fabric tangent modulus become more stable. Therefore, it is recommended to 

pre-wash the bought fabrics before fabricating the compression garment. 

( )
%100×

−
=

washingbefore

washingbeforewashingafter

ModulusTangent
ModulusTangentModulusTangent

ChangePercentage  
(5.1) 

 

 

Table 5.5 Comparison of percentage changes of tangent modulus before and after 31 times of 
washing at 0 and 0.25 strains 

Fabric  
Bias angle 

Strain 
0° 30° 60° 90° 

0 -19.38% -23.68% -24.32% -32.77% 
P11117 

0.25 -9.81% -10.58% -13.47% -21.30% 
0 -31.33% -62.71% -33.96% -42.73% 

PN2170 
0.25 -10.42% 2.16% 5.07% -11.77% 

0 0.94% -13.85% 13.99% -16.09% 
AP85120 

0.25 -0.20% -12.59% 46.63% -23.27% 
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(a) (b) (c) 

Figure 5.17 Microstructure of fabric (a) P11117; (b) PN2170; (c) AP85120  
at 0 strain before washing 

   

(a) (b) (c) 

Figure 5.18 Microstructure of fabric (a) P11117; (b) PN2170; (c) AP85120  
at 0 strain after 31 times of washing 

 

5.7 Multi-Factor Design of Compression Garment 

The experiments conducted in this project indicated that the garment pressure was 

influenced by many factors: 

(1) Prolonged wear, 

(2) Repeated dress and undress, and 

(3) Multiple laundering. 

Even if a compression garment is able to exert the desired pressure on the first 

day, the above three factors will gradually alter the pressure. Their effects are difficult 
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to avoid and one can only monitor the garment pressure regularly and replace the 

garment if it can no longer produce the desired pressure. 

On the other hand, the experiments on fabric anisotropy and double-layer 

construction provide clues to a better way of designing compression garment. Hitherto, 

the compression garment designers only vary the reduction factor and the type of 

fabrics in their design. The design space is very constrained. If the anisotropic tensile 

property of the fabric is utilized, then each type of fabrics has a range of tangent 

modulus to offer, instead of a single value. The double-layer construction approach 

further allows the designer to combine either the same type of fabrics or different types 

of fabrics at different bias angles to yield the desired properties. The design space is 

enlarged many times. In the following paragraphs, a design example is presented to 

illustrate the power of these new tools. 

Suppose a therapist is requested to design a compression garment that can exert 

25 mmHg, P, on a patient’s body part which has a circumference, c of 0.27 m. Using 

Table 5.5, the therapist has several choices to achieve the desired pressure. The 

therapist can select to provide 14.99 mmHg pressures with a layer of fabric P11117 at 

15% reduction factor and bias angle 90º and 10.16 mmHg pressures with another layer 

of fabric PN2170 at 15% reduction factor and bias angle 30º. The double-layer 

construction using the two fabrics will provide a total garment pressure of 25.15 
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mmHg, close to 25 mmHg. 

Alternatively, the therapist can also stick with a single-layer construction and 

apply a higher reduction factor to achieve the desired pressure. From Table 5.6, fabric 

AP85120 at 20% reduction factor and bias angle 60º can produce 23.09 mmHg that is 

close to 25mmHg. 

 

Table 5.6 Design table for three fabrics 

Fabric sample: P11117 (fabric thickness = 0.45mm) 
Strain 0.1 (~10% reduction factor) 0.18 (~15% reduction factor) 0.25 (~20% reduction factor) 
Bias     
angle 

E  
(MPa) 

P 
(mmHg) 

E  
(MPa) 

P 
(mmHg) 

E  
(MPa) 

P 
(mmHg) 

0º 0.93 7.30 0.86 12.16 0.79 15.51 
10 º 0.91 7.15 0.85 12.02 0.79 15.51 
20 º 0.84 6.60 0.79 11.17 0.76 14.92 
30 º 0.77 6.05 0.75 10.60 0.74 14.53 
40 º 0.69 5.42 0.7 9.90 0.72 14.14 
50 º 0.67 5.26 0.69 9.76 0.71 13.94 
60 º 0.75 5.89 0.77 10.89 0.79 15.51 
70 º 0.91 7.15 0.9 12.72 0.89 17.48 
80 º 1.1 8.64 1.01 14.28 0.98 19.24 
90 º 1.11 8.72 1.06 14.99 1.02 20.03 
Fabric sample: PN2170 (fabric thickness = 0.42mm) 
Strain 0.1 (~10% reduction factor) 0.18 (~15% reduction factor) 0.25 (~20% reduction factor) 
Bias     
angle 

E  
(MPa) 

P 
(mmHg) 

E  
(MPa) 

P 
(mmHg) 

E  
(MPa) 

P 
(mmHg) 

0 º 0.55 4.03 0.64 8.45 0.72 13.20 
10 º  0.53 3.89 0.64 8.45 0.74 13.56 
20 º 0.51 3.74 0.65 8.58 0.77 14.11 
30 º 0.55 4.03 0.77 10.16 0.94 17.23 
40 º 0.56 4.11 0.8 10.56 1.01 18.51 
50 º 0.58 4.25 0.8 10.56 0.99 18.14 
60 º 0.61 4.47 0.83 10.95 1.02 18.69 
70 º 0.55 4.03 0.7 9.24 0.83 15.21 
80 º 0.62 4.55 0.73 9.63 0.83 15.21 
90 º 0.63 4.62 0.73 9.63 0.82 15.03 
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Fabric sample: AP85120 (fabric thickness = 0.49mm) 
Strain 0.1 (~10% reduction factor) 0.18 (~15% reduction factor) 0.25 (~20% reduction factor) 
Bias     
angle 

E  
(MPa) 

P 
(mmHg) 

E  
(MPa) 

P 
(mmHg) 

E  
(MPa) 

P 
(mmHg) 

0 º 0.34 2.91 0.4 6.16 0.44 9.41 
10 º  0.33 2.82 0.38 5.85 0.43 9.19 
20 º 0.31 2.65 0.36 5.54 0.42 8.98 
30 º 0.31 2.65 0.38 5.85 0.44 9.41 
40 º 0.35 2.99 0.44 6.77 0.52 11.12 
50 º 0.46 3.93 0.63 9.70 0.78 16.68 
60 º 0.66 5.64 0.88 13.55 1.08 23.09 
70 º 0.91 7.78 1.17 18.01 1.4 29.94 
80 º 1.04 8.90 1.36 20.94 1.63 34.85 
90 º 1.1 9.41 1.4 21.55 1.67 35.71 

Instead of using tables to design a double-layer compression garment, the data 

can be compiled in the form of graphs so that the therapist can arrive at the solution 

graphically. Figure 5.19 illustrates how the graphs for fabric PN2170 and P11117 are 

used to get the answer. 

 One may also write a program to aid the design. Figure 5.20 shows the graphical 

user interface of a simple program that has been written in this project to assist the 

therapist to determine the adequate fabrics for fabricating the compression garment. 
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Figure 5.19 Graphical method to determine the desired pressure of double-layer garment 

 

Figure 5.20 Graphical user interface for calculating the required pressure 
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5.8 Prediction of Pressure Distribution on Silicone Mannequin Arm 

Figure 5.21 shows the predicted and the measured pressures at the landmarks of the 

silicone mannequin arm. Their differences are also summarized in Table 5.7. Remind 

that landmarks 1 to 3 belong to the top section, landmarks 4 to 6 belong to the middle 

section and landmarks 7 to 9 belong to the bottom section. It can be observed that the 

finite element model predicts the trend at the sections correctly. Compared with the 

values predicted by the Modified Laplace Equation, the prediction by computer is no 

worse than the Laplace Equation method which failed to predict the variation of 

pressure along the perimeter of a section. In general, the pressure difference between 

the simulated and the sensor measured values is below 866Pa or 6.5mmHg. The 

differences are still acceptable given the accuracy of the pressure sensor system. 

 Compared with the measured results, the values predicted are lower. Recall that 

the compressive strength of the silicone was obtained by a compression test on a 

silicone disc that was prepared using the same silicone mixture. The mixture contained 

a thinner fluid which was observed to seep slowly. Seepage and possible evaporation 

would make the silicone mixture harder. The tests on the silicone mannequin arm were 

performed at a later date than the compression test; therefore the compressive strength 

used in simulation would indeed be smaller than the compressive strength of the 

silicone mannequin arm at the day of pressure measurement. Furthermore, the insertion 
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of the pressure sensor beneath the garment fabric would also stretch the garment and 

give a higher reading. 

 

Figure 5.21 Comparison of sensor measured pressure and simulated pressure at 
various landmarks of silicone mannequin arm 

 

 

Table 5.6 Summary of differences between simulation and pressure measurement results 

Landmark Measured Pressure (Pa) Predicted Pressure (Pa) Difference (Pa) 
1 1664.4 966.95 687.45 
2 1664.4 878.78 785.7 
3 1887.9 1029.2 858.7 
4 1887.9 1022.4 865.5 
5 1217.5 446.62 779.88 
6 1664.4 1083 581.4 
7 1441 581.95 859.05 
8 1217.5 556 661.5 
9 1441 1075.6 365.4 
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 The deformation is one of the factors affecting the simulation result. Poisson’s 

ratio is another important variable that affects the values of the simulated pressure. 

Figure 5.22 shows different simulation results by applying different Poisson’s ratio and 

with or without gravity in the simulation. The Poisson’s ratio of silicone is roughly 

estimated as around 0.35. In order to verify the effect of Poisson’s ratio, three different 

value of Poisson’s ration, 0.3, 0.35 and 0.49 is applied in the simulation. Observing the 

graph shown in Figure 5.22, it is found that small change of Poisson’s ratio has not 

much variation to the accuracy to the simulated pressure. For the Poisson’s ratio is 0.3 

and 0.35, the value of simulated pressure is nearly the same at landmarks 1 – 5, 7 and 8. 

However, when applying a greater Poisson’s ratio in the simulation, 0.49, the simulated 

pressure is different to other simulated results. The values of this simulated pressure 

are fluctuating to the simulated results of 0.3 or 0.35 Poisson’s ratio by 500Pa.  

 Since 0.49 Poisson’s ratio is much greater than the estimated Poisson’s ratio, 

the simulated result then has different trend to the measured pressure. This may be 

concluded that when the Poisson’s ratio is too large, the accuracy of the simulation 

decreases.  

 Other than applying different Poisson’s ratio, the gravity will also affect the 

accuracy of the simulation. Comparing the simulated pressure with the same Poisson’s 

ratio 0.35 and with or without applying gravity, i.e. blue dotted line with square and 
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violet dotted line with triangle in Figure 5.22, the trend of the simulated pressure with 

gravity is different to the simulated results without applying gravity. At most of the 

landmarks, the simulated pressures with gravity are lower than the result without 

applying gravity. As described in Chapter 4, the simulation had made several 

simplifying assumptions to make the task of calculating the deformation before and 

after wearing the compression garment possible. It was assumed that the deformation 

was 2D and occurred along the radial direction of the same cross-sectional plane. If the 

gravity is applied in the simulation, the deformation caused by the compression 

garment would be a 3D problem, which contradicts to our assumption in the 

calculation. As a result, the simulation with gravity does not consistently reflect to our 

problem.  

 In reality, the deformation would likely be 3D and was thus larger. Local 

distortion of the silicone material was also possible and the deformation would not be 

in the radial direction. The deformation so found under these assumptions would not 

reflect the true deformation and thus affect the prediction accuracy. 
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Figure 5.22 Comparison of simulated pressure by using different Poisson’s ratio of 
silicone mannequin arm 

 

5.9 Prediction of Pressure Distribution on Human Arm 

Figure 5.23 shows the predicted and the measured pressures at the landmarks of the 

human arm. There are three sets of predicted values because the material properties 

measured at three different locations of the human arm were used in separate run. 

Remind that landmarks 1 to 3, landmarks 4 to 6, landmarks 7 to 9 and landmarks 10 to 

12 belong to the same sections. It can be observed that the finite element model 

predicted the trend at the sections correctly. Compared with the values predicted by the 

Modified Laplace Equation, the prediction by computer was better than the Laplace 

Equation method which failed to predict the variation of pressure along the perimeter 

of a section.  
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Compared with the measured results, the values predicted are lower. The 

underestimation was very likely due to errors in finding the deformation before and 

after wearing the compression garment. The causes suggested in the previous section 

would also apply here. A closer look at Figure 5.23 reveals that at the elbow level 

(landmarks 7 to 9), the predicted values are closer to the measured values. The elbow 

consists mainly of bone tissue; 3D deformation due to local distortion of human tissue 

should be less, rendering the simplifying assumptions more valid in this case. The 

simulation results are therefore closer to the measurement results.  

 It is also clear from Figure 5.23 that the material properties affect the 

simulation results. Therefore, the material model used in finite element modeling is 

very important. In this project, the human tissue was represented by a simple 

piecewise-linear elastic model. A more sophisticated model should improve the 

accuracy. 
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Figure 5.23 Comparison of sensor measured pressure and simulated pressure at 
various landmarks of human arm 

  Figure 5.24 shows the simulated pressure by applying two different 

Poisson’s ratio, 0.45 and 0.49. The variation of pressure along the perimeter at a 

section is the same for different Poisson’s ratio. The simulated pressure for 0.45 

Poisson’s ratio is close to the value for 0.49 Poisson’s ratio, exception to the landmark 

8. At this point, a great difference is resulted between two different Poisson’s ratios. 

Remind that this position is just below the elbow and the soft tissue is very thin. Even a 

small deformation caused by the garment at this position is relatively large when 

compared with the initial thickness of the soft tissue. Thus, a larger Poisson’s ratio may 

calculate a higher pressure.  
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Figure 5.24 Comparison of simulated pressure by using different Poisson’s ratio of 
human arm 

 The simulation method can better predict the variation of the pressure along the 

perimeter at a section than the modified Laplace equation. However, the difference of 

the value between the simulated pressure and the measured pressure may be due to the 

sensor. The sensor is inserted between the compression garment and the human arm (or 

silicone mannequin arm). An external force by the sensor may be pressed toward the 

arm, so that the pressure of the sensor measured is greater than the actual pressure 

caused by the compression garment.  

 

5.10  Summary 

The possible influence of (1) prolonged wear, (2) repeated dress and undress, and (3) 

multiple laundering on garment pressure were investigated by a series of experiments 
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and were discussed. All three of them will reduce the garment pressure at varying 

degrees. 

The anisotropic behavior of fabric was also studied and the implication is that 

each type of fabric can have a range of tangent modulus to offer by altering the bias 

angle along which the fabric is cut. 

The double-layer construction method was also explored and was proved to be 

a powerful tool to the designer. A large range of garment pressure can be provided by 

the combination of two or more fabric layers. The design space is expanded many 

times. 

Simulation experiments on the prediction of pressure produced by a 

compression garment on a silicone mannequin arm and a human arm were conducted. 

Measurement experiments were also conducted to verify the accuracy of prediction. 

The pressure predicted by the finite element model was lower than the measured 

pressure. However, the model was able to predict the trend correctly. Compared with 

the modified Laplace Equation, the model actually had better prediction capability. The 

predicted pressures were acceptable because the values were within the accuracy of the 

pressure sensors. The problem of finding the 3D deformation would need to be solved 

if further improvement of prediction accuracy is being sought for. 
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS 

 

6.1 Conclusions 

The value of pressure exerted by compression garment is important in healing wound 

or venous disease. However, the compression garment available in stock is standard in 

sizes or else is tailored based on the judgment of the therapist. The tissue property and 

the body curvature of the wearer are not included in the garment manufacturer’s or 

therapist’s considerations. This results in an inappropriate pressure exerted on the 

wearer. With the goal of designing a better compression garment, a thorough 

investigation on how the anisotropic mechanical properties of compression garment 

fabrics may vary under different treatments was conducted. Furthermore, the finite 

element method (FEM) is employed to predict the garment pressure on human body. 

A series of experiments were designed and more than 1183 tensile tests using 

the KES-F testing system were carried out. FEM simulations were also run. With 

reference to the objectives of this research, the achievements can be summarized as 

follows: 

1) In existing practices, compression garment is fabricated only at 0° bias angle. 

This research shows that the anisotropic behaviors of the garment fabrics are 

significant and the tensile property of fabric varies significantly with the bias 
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angle. For the three elastic fabrics tested in the research study, at 20% reduction 

(~25% strain), the tangent modulus can vary by as much as 29% for fabric 

P11117, 43% for fabric PN2170 and even 280% for fabric AP85120 at different 

bias angles, using the tangent modulus at 0° bias angle as the reference. The 

anisotropy can be explained by a combination of structural deformation of 

fibers and the elastic deformation of yarn filaments. Structural deformation of 

fiber results in the initial elongation of the fabric but the yarn filaments are 

actually not yet elongated. Further elongation of the fabric is contributed by the 

elongation of the filaments. An examination of the SEM images at 0% and 

100% strains confirmed that structural deformation happened. The degree of 

such deformation was different under loading at different bias angles. Thus, the 

effective tangent modulus of the elastic fabrics depends on the degree of fabric 

elongation contributed by the asymmetric structural deformation of the fiber 

and the nonlinear elastic elongation of yarn filaments. 

2) The research shows that fabric properties will change after prolonged wear, 

repeated dress and undress, and multiple laundering. Three types of fabrics 

were treated for these tests. It is observed that a higher percentage of Spandex® 

(elastic fiber) will lead to a greater decrease of tangent modulus of the fabric. It 

can be explained by the greater degree of plastic deformation of the Spandex® 
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fibers after the two types of treatments. The elastic fiber, Roica® (Lycra), 

possesses more stable properties than Spandex®. Results from the fabrics after 

multiple laundering treatments show that the change of tangent modulus will 

diminish rapidly after several washes. In other words, the properties will 

stabilize after several washes. 

3) The research expands the range of garment pressure that can be achieved with 

the limited types of elastic fabrics available in the market by the double-layer 

construction method. The combinations of same fabrics at different bias angles; 

different fabrics at the same bias angle; or different fabrics at different bias 

angles can produce garment pressure values unobtainable from the traditional 

single layer construction. The double-layered garment fabric can be treated as a 

composite with the fibers and the matrix under the equal strain condition and 

the same composite modulus equation, Equation 3.16, can be used to predict 

the tangent modulus of the double-layered garment fabric with reasonable 

accuracy. 

4) The research proposes a systematic design method for utilizing the 

double-layered construction in fabricating a compression garment with desired 

pressure. Given a defined body curvature, the Laplace equation can be used to 

tabulate the garment pressure at different reduction factor or bias angles for 
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different fabrics. The garment designer can use the tables to choose the most 

suitable combination, i.e. fabric type, reduction factor and bias angle, to exert 

the desired pressure. Wider choices of pressure values are possible with this 

systematic and scientific method. 

5) The research demonstrates that the garment pressure on a human body can be 

predicted with reasonable accuracy by the finite element method (FEM). The 

Laplace equation is not valid for shapes that are not close to circular while 

FEM prediction can be applied to any part of a human body. In addition, the 

variation of mechanical properties of human tissue can be accounted for in a 

FEM model. A silicone arm and human arm were modeled in the research study 

and a biomechanical model was built to predict the pressure before and after 

wearing a compression garment. The mechanical properties of human tissue are 

measured and the nonlinear stress-strain relationship obtained is used in the 

FEM simulations carried out by the renowned software ANSYS Version 10.0. 

For both the silicone and human arms, the pressures predicted by FEM are 

closer to the sensor-measured values than those predicted by the Laplace 

equation. 

 

 



Chapter 6 - Conclusions and Recommendations 
 

 
 - 155 - 

6.2 Limitations of the Study 

There are several limitations to this study that restrict the generalization of its results.  

1) Due to the limitation of time and workload, the multiple laundering tests were 

only carried out on fabrics at four bias angles (0°, 30°, 60° and 90°). The 

number of data was insufficient to conclude how the effect of multiple 

washings will vary with the bias angle.  

2) Though the finite element method has been demonstrated to be able to predict 

the trend of garment pressure, the value of pressure simulated is still 

significantly different from the pressure measured by sensor. This may be 

caused by the fact that when the sensor is placed under the garment, the 

garment is stretched locally and this causes a local increase of garment pressure. 

In other words, the act of measurement causes an increase in pressure exerted. 

Although the tissue properties are measured to be different at the upper and 

middle and lower sections of the limb, the variation is difficult to be captured in 

the FEM model and uniform mechanical properties over the whole model is 

assumed in the simulations. This may also lead to the differences between the 

simulated pressures and the measured pressures. 

3) For simplification, it is assumed that the deformation by the compression 

garment is two-dimensional, i.e. points remain on the same cross-sectional 
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plane before and after the deformation. However, the actual deformation can be 

three-dimensional; for example, some fats and fleshes are squeezed upward or 

downward. Such deformations are not captured in the proposed FEM model. 

 

6.3 Recommendations Suggestions of Further Work 

With these established facts, the following recommendations can thus be made: 

1) To facilitate the compression garment designer and therapist to design a 

required compression garment, it is recommended the fabric supplier or even 

manufacturer can supply calibration curves or tables on the anisotropic 

properties of the fabrics. Therapist or manufacturer can select their required 

combination of reduction factor, bias angle, fabric type or number of layers 

for unique wearer to achieve the adequate pressure.  

2) From the multiple laundering experiments, it is realized that the fabric 

properties will change. If the fabric can be pre-washed, the tensile properties 

will be more stable and reliable for fabricating compression garment.  

3) Tests on prolonged wear, repeated dress and undress, and multiple laundering 

are recommended to provide more numerical data. According to the results, 

therapist can easily determine the most appropriate fabric after considering 

the daily wearing habits. By studying the change of fabric anisotropic 
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properties after different treatments, a more pressure stable fabric may be 

invented for medial or other applications. 

4) As discussed above, the soft tissue properties vary between gender, health, 

age, and exercises. A database that collected the soft tissue properties at 

different body part and based on these parameters must facilitate the designer 

and therapist to conduct a simulation. They do not need to measure the tissue 

properties for every finite element simulation and for patient has serious skin 

problem.  

5) Different postures may also affect the exerted pressure. The resting position 

of arm is studied and simulated in this study. However, other common 

postures, like lying down, walking, running, writing, etc., have not been 

studied their relationship with garment pressure. For further study, it is 

recommended to focus on how the different postures affect the garment 

pressure.  
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Appendix A – Experiment of Fabric Tensile Property  

 

Title 
Tensile test of pressure garment fabric using Kawabata KES-FB1 shear and tensile 
tester 
 
Aims 
This experiment aims to determine the following mechanical properties of the fabric 
that is used to manufacture the pressure garment: 

1) stress on the fabric (σ), 
2) Tangent modulus (E) 

 
Apparatus: 
KES-FB1 (figure 1); acrylic template; scissor; ruler; test fabric 

 

 

Figure 1: KES-FB1 Tensile and Shearing Tester  

  

Figure 2: Acrylic template Figure 3: Test fabric 
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Preparation 
1. Make sure the room temperature at 20°C ± 2°C and the relative humidity at 

65% ± 3% 
2. Cut a transparent acrylic with 20 x 20cm, the standard size for the Kawabata 

System as shown in figure 2 
3. Place the acrylic template on the fabric with the edge parallel to the warp 

direction (the edge along the rolling direction of the fabric) 
4. Mark the size of the test specimen on the fabric along the frame of the acrylic 

template 
5. Mark an arrow on the test fabric (red arrow on figure 3) to indicate the warp 

direction 
6. Mark four parallel lines (blue lines in figure 3) with 3cm apart from the edge with 

the notations  
7. Cut 3 sets of fabrics with 0˚ bias angle for testing  
8. Repeat steps 2 – 7 with 10˚, 20˚, 30˚, 40˚, 50˚, 60˚, 70˚, 80˚ and 90˚ bias angle 
9. Keep all samples at this temperature and humidity (condition room) at least 24 

hours before the experiment 
 
Procedure 
1. Shearing test should be tested before the tensile test. 
2. Make sure the temperature at 20°C ± 2°C and the relative humidity at 65% ± 3% 

throughout the experiment. 
3. Turn the power switch “on” and wait for 10 minutes. 
4. Push the “TENSILE – HIGH SENS” switch, button (7) in figure 4  

 

Figure 4: Switches on amplifier panel 1 
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Figure 5: Switches on amplifier panel 2 

 
5. Change the “CHECK” switch, knob (1) in figure 5, of the amplifier panel 2 to 

“OSC” mode, and confirm the indication of analogue meter +10V (within +/- 
0.5V). 

 
6. Change “CHECK” switch to “BAL”. Confirm “SENS” switch of the SHEAR to 

“MES”, and confirm the indication of analogue meter below 0.5V. 
If the indication is over 0.5V, adjust the indication using “R-BAL” volume and 
“C-BAL” volume. 

 
7. Change the “CHECK” switch to “ZERO” and confirm the indication of 

analogue meter 0.  
If the indication is not zero, adjust the “ZERO ADJ”, knob (8) in figure 5.  

 
8. Change the “CHECK” switch to “MES”. 
 
9. Set the “SENS” switch, knob (7) in figure 5, of the amplifier panel 2 to “MES” 

mode. 
 
10. Check the following settings of Amplifier Panel 2 (in figure 5) 

- CHECK switch à MES [knob (1)] 
- SENS in Tensile panel à MES [knob (7)] 
- ELONGATION à 50mm [switch (12)] 
- SPEED switch à VAR [switch (11)] 
- SPEED ADJ à 4 (0.2mm/sec) [knob (10)] 
- STROKE switch in TENSILE panel à VAR [switch (5)] 
- STROKE ADJ à 10 (250gf/cm) [knob (6)] 
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11. Put the sample fabric on the sample plate, indication (2) in figure 6. Insert the 

sample straightly from the front chuck to back chuck till the lamp, indication (4) 
in figure 6, lights on for checking the position 

 

Figure 6: Auto-KES-FB1 

 
12. Push “MEASURE” switch, switch (8) in figure 4, of the amplifier panel 1. The 

sample is chucked automatically, and the measurement is prepared. When the 
sample is fixed tightly and the preparation is completed, the “MEASURE” 
switch will turn on and off (flashing).  

 
Computer Operation 
13. Open the program “KES-Mes Ver 7.09E” on the computer. 
14. Select “Data Directory” under the “Calibration” selection and choose a folder to 

save. (see figure 7) 
15. Select “FB1-A” under the selection of “Testers” shown in figure 8 
16. Select “Optional Condition: Tensile” under the “Measurement” selection in 

figure 9. 
 

 
Figure 7: Data directory 
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Figure 8: FB 1-A selection Figure 9: Optional Tensile 

 
17. Preset the setting shown in figure 12 for the test. And then enter the sample 

number and select the warp (or weft) direction. 
Ø Maximum loading à 250gf/cm 
Ø Sensitivity à High Sensitivity 
Ø Elongation à 50 
Ø Clamp à 5.0 (temporary) 
Ø Proc. Rate à 0.5 

 
Figure 12: Setting the tensile property optional condition 

* If the computer cannot detect the maximum load, the Process rate may need to 
be 0.1 to take more data point.  

 
18. Select “Auto Start” in the selection of “Measure” 
19. Push “RES” and “INT” of push button continuously on the amplifier, button (6) 

in figure 4. 
20. Press “OK” in the dialogue box. 
21. The graph will be plotted automatically. 



Appendix A – Experiment Procedures of Fabric Tensile Test 
 

- A6 - 

22. When stop operation, save the result (.bin & .csv) in the preset folder. 
23. Remove the sample after the chuck is loosened. 
24. Repeat the step (11) to (23) in weft direction. 
25. Repeat the step (11) to (24) for all test fabric.  
 
 
*** When the motor cannot return after reaching the maximum load, follow the 

procedure below to restore the setting 
1. Click on the switch MES START 
2. Push the button T-MANUAL RETURN    
3. When the motor starts rolling over, turn off the 

switch MES START, the motor will 
automatically return to the zero position 

4. Redo this test fabric by fixing another position 
and place another fabric for testing 

 
Result: 
1. Record the completion of the test 
2. Plot the stress-strain graph for each result 
3. Group the data of stress and strain into one excel file 
 
Discussion and Conclusion 
1. Describe the behavior of the result 
2. Find out the tangent modulus of the fabric 
3. Find out the average tangent modulus curve in each bias angle test 
 
Theory: 
σ = Eε 
 
References: 
1. KES-FB1-Auto-A Automatic Tensile & Shear Tester User’s Manual. KES KATO 

TECH CO., LTD.  
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Appendix B – Table for Checking κ Values 

 

 

 

Sources: HAYES, W.C., KEER, L.M., HERRMANN, G. and MOCKROS, L.F., 1972. A mathematics 

analysis for indentation tests of articular cartilage. Journal of Biomechanics, 5(5), pp.541-551. 
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Appendix C – Experimental Results of Fabric Properties 

Tangent modulus at Different Engineering Strains 

 

Figure C1 Tangent modulus at different engineering strains of fabric P11117  
 

 
Figure C2 Tangent modulus at different engineering strains of fabric PN2170  

 



Appendix C – Experimental Results of Fabric Properties 
 

 
 - C2 - 

 
Figure C3 Tangent modulus at different engineering strains of fabric AP85120  

(girdle fabric) 
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Trends of tangent modulus at Different Bias Angles (0.1 – 0.25 Strains) 

 

Figure C4 Change of tangent modulus at different bias angles of fabric P11117 
 

 
Figure C5 Change of tangent modulus at different bias angles of fabric PN2170 
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Figure C6 Change of tangent modulus at different bias angles of fabric AP85120 
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Comparison of Predicted Trend and Experiment-based Trend of Double-Layer 

with the Same Fabrics at Bias Angles (0° + 0°) 

 
Figure C7 Fabric P11117 combined at bias angles (0° + 0°) 

 

 
Figure C8 Fabric PN2170 combined at bias angles (0° + 10°) 
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Comparison of Predicted Trend and Experiment-based Trend of Double-Layer 

with the Same Fabrics at Bias Angles (0° + 10°) 

 
Figure C9 Fabric P11117 combined at bias angles (0° + 10°) 

 

 

Figure C10 Fabric PN2170 combined at bias angles (0° + 10°) 
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Comparison of Predicted Trend and Experiment-based Trend of Double-Layer 

with the Same Fabrics at Bias Angles (0° + 90°) 

 
Figure C11 Fabric P11117 combined at bias angles (0° + 90°) 

 

 
Figure C12 Fabric PN2170 combined at bias angles (0° + 90°) 
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Comparison of Predicted Trend and Experiment-based Trend of Double-Layer 

with the Same Fabrics at Bias Angles (40° + 50°) 

 

Figure C13 Fabric P11117 combined at bias angles (40° + 50°) 

 

 
Figure C14 Fabric PN2170 combined at bias angles (40° + 50°) 
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Comparison of Predicted Trend and Experiment-based Trend of Double-Layer 

with the Same Fabrics at Bias Angles (80° + 90°) 

 
Figure C15 Fabric P11117 combined at bias angles (80° + 90°) 

 

 
Figure C16 Fabric PN2170 combined at bias angles (80° + 90°) 
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Comparison of Predicted Trend and Experiment-based Trend of Double-Layer 

with Different Fabrics at Different Bias Angle 

 

Figure C17 Fabric P11117 at bias angle 0° integrated with fabric PN2170 at bias angle 0°  
 

 
Figure C18 Fabric P11117 at bias angle 0° integrated with fabric PN2170 at bias angle 90° 
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Figure C19 Fabric P11117 at bias angle 90° integrated with fabric PN2170 at bias angle 0° 
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Comparison of tangent modulus of Prolonged Use Effect of Fabric Sample P11117 

at Different Bias Angles 

 
Figure C20 After prolonged use of fabric P11117 at bias angle 0°  

 

 
Figure C21 After prolonged use of fabric P11117 at bias angle 10° 
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Figure C22 After prolonged use of fabric P11117 at bias angle 20°  

 

 
Figure C23 After prolonged use of fabric P11117 at bias angle 30° 
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Figure C24 After prolonged use of fabric P11117 at bias angle 40°  

 

 
Figure C25 After prolonged use of fabric P11117 at bias angle 50° 
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Figure C26 After prolonged use of fabric P11117 at bias angle 60°  

 

 
Figure C27 After prolonged use of fabric P11117 at bias angle 70° 
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Figure C28 After prolonged use of fabric P11117 at bias angle 80°  

 

 
Figure C29 After prolonged use of fabric P11117 at bias angle 90° 
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Comparison of tangent modulus of Prolonged Use Effect of Fabric Sample 

PN2170 at Different Bias Angles 

 
Figure C30 After prolonged use of fabric PN2170 at bias angle 0°  

 

 

Figure C31 After prolonged use of fabric PN2170 at bias angle 10° 
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Figure C32 After prolonged use of fabric PN2170 at bias angle 20°  

 

 
Figure C33 After prolonged use of fabric PN2170 at bias angle 30° 
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Figure C34 After prolonged use of fabric PN2170 at bias angle 40°  

 

 
Figure C35 After prolonged use of fabric PN2170 at bias angle 50° 
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Figure C36 After prolonged use of fabric PN2170 at bias angle 60°  

 

 
Figure C37 After prolonged use of fabric PN2170 at bias angle 70° 
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Figure C38 After prolonged use of fabric PN2170 at bias angle 80°  

 

 
Figure C39 After prolonged use of fabric PN2170 at bias angle 90° 
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Comparison of tangent modulus of Prolonged Use Effect of Fabric Sample 

AP85120 at Different Bias Angles 

 
Figure C40 After prolonged use of fabric AP85120 at bias angle 0°  

 

 
Figure C41 After prolonged use of fabric AP85120 at bias angle 10° 
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Figure C42 After prolonged use of fabric AP85120 at bias angle 20°  

 

 
Figure C43 After prolonged use of fabric AP85120 at bias angle 30° 
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Figure C44 After prolonged use of fabric AP85120 at bias angle 40°  

 

 
Figure C45 After prolonged use of fabric AP85120 at bias angle 50° 
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Figure C46 After prolonged use of fabric AP85120 at bias angle 60°  

 

 

Figure C47 After prolonged use of fabric AP85120 at bias angle 70° 
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Figure C48 After prolonged use of fabric AP85120 at bias angle 80°  

 

 
Figure C49 After prolonged use of fabric AP85120 at bias angle 90° 
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Comparison of tangent modulus of Repeated Dressing and Undressing Effect of 

Fabric Sample P11117 at Different Bias Angles 

 
Figure C50 After repeated undressing and undressing of fabric P11117 at bias angle 0°  

 

 
Figure C51 After repeated undressing and undressing of fabric P11117 at bias angle 10° 
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Figure C52 After repeated undressing and undressing of fabric P11117 at bias angle 20° 

 

 

Figure C53 After repeated undressing and undressing of fabric P11117 at bias angle 30° 
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Figure C54 After repeated undressing and undressing of fabric P11117 at bias angle 40° 

 

 

Figure C55 After repeated undressing and undressing of fabric P11117 at bias angle 50° 
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Figure C56 After repeated undressing and undressing of fabric P11117 at bias angle 60° 

 

 
Figure C57 After repeated undressing and undressing of fabric P11117 at bias angle 70° 
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Figure C58 After repeated undressing and undressing of fabric P11117 at bias angle 80° 

 

 

Figure C59 After repeated undressing and undressing of fabric P11117 at bias angle 90° 
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Comparison of tangent modulus of Repeated Dressing and Undressing Effect of 

Fabric Sample PN2170 at Different Bias Angles 

 
Figure C60 After repeated undressing and undressing of fabric PN2170 at bias angle 0°  

 

 
Figure C61 After repeated undressing and undressing of fabric PN2170 at bias angle 10°  
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Figure C62 After repeated undressing and undressing of fabric PN2170 at bias angle 20° 

 

 
Figure C63 After repeated undressing and undressing of fabric PN2170 at bias angle 30° 
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Figure C64 After repeated undressing and undressing of fabric PN2170 at bias angle 40° 

 

 
Figure C65 After repeated undressing and undressing of fabric PN2170 at bias angle 50° 
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Figure C66 After repeated undressing and undressing of fabric PN2170 at bias angle 60° 

 

 
Figure C67 After repeated undressing and undressing of fabric PN2170 at bias angle 70° 
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Figure C68 After repeated undressing and undressing of fabric PN2170 at bias angle 80° 

 

 
Figure C69 After repeated undressing and undressing of fabric PN2170 at bias angle 90° 
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Comparison of tangent modulus of Repeated Dressing and Undressing Effect of 

Fabric Sample AP85120 at Different Bias Angles 

 
Figure C70 After repeated undressing and undressing of fabric AP85120 at bias angle 0°  

 

 
Figure C71 After repeated undressing and undressing of fabric AP85120 at bias angle 10°  
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Figure C72 After repeated undressing and undressing of fabric AP85120 at bias angle 20° 

 

 

Figure C73 After repeated undressing and undressing of fabric AP85120 at bias angle 30° 
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Figure C74 After repeated undressing and undressing of fabric AP85120 at bias angle 40° 

 

 
Figure C75 After repeated undressing and undressing of fabric AP85120 at bias angle 50° 
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Figure C76 After repeated undressing and undressing of fabric AP85120 at bias angle 60° 

 

 

Figure C77 After repeated undressing and undressing of fabric AP85120 at bias angle 70° 
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Figure C78 After repeated undressing and undressing of fabric AP85120 at bias angle 80° 

 

 
Figure C79 After repeated undressing and undressing of fabric AP85120 at bias angle 90° 



Appendix C – Experimental Results of Fabric Properties 
 

 
 - C42 - 

Comparison of tangent modulus of Multiple Laundering Effect of  

Fabric Sample P11117 at Different Bias Angles 

 
Figure C80 After multiple laundering of fabric P11117 at different strains at bias angle 0°  

 

 
Figure C81 After multiple laundering of fabric P11117 at different strains  

at bias angle 30°  
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Figure C82 After multiple laundering of fabric P11117 at different strains  

at bias angle 60°  

 

 
Figure C83 After multiple laundering of fabric P11117 at different strains  

at bias angle 90°  
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Comparison of tangent modulus of Multiple Laundering Effect of  

Fabric Sample PN2170 at Different Bias Angles 

 
Figure C84 After multiple laundering of fabric PN2170 at different strains  

at bias angle 0°  

 

 
Figure C85 After multiple laundering of fabric PN2170 at different strains  

at bias angle 30°  
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Figure C86 After multiple laundering of fabric PN2170 at different strains  

at bias angle 60°  

 

 
Figure C87 After multiple laundering of fabric PN2170 at different strains  

at bias angle 90°  
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Comparison of tangent modulus of Multiple Laundering Effect of  

Fabric Sample AP85120 at Different Bias Angles 

 
Figure C88 After multiple laundering of fabric AP85120 at different strains  

at bias angle 0°  

 

 
Figure C89 After multiple laundering of fabric AP85120 at different strains  

at bias angle 30°  
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Figure C90 After multiple laundering of fabric AP85120 at different strains  

at bias angle 60°  

 

 
Figure C91 After multiple laundering of fabric AP85120 at different strains  

at bias angle 90°  
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Comparison of tangent modulus before and after repeated washing  

at 0 and 0.25 strains  

 
Figure C92 Comparison of tangent modulus before and after repeated washing  

at 0 and 0.25 strains of fabric P11117 
 

 

Figure C93 Comparison of tangent modulus before and after repeated washing  
at 0 and 0.25 strains of fabric PN2170 
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Figure C94 Comparison of tangent modulus before and after repeated washing  

at 0 and 0.25 strains of fabric AP85120 

 




